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Summary 

Oriented and chain-extended polyethylene fibers, tapes and films with a high maximum 

Young’s modulus and tensile strength have been produced in the past decades using melt-

spinning, solution-spinning or solvent-free routes in combination with solid state ultra-

drawing procedures (chapter 1). Generally, these high modulus/high strength 

polyethylenes possess a relatively poor transparency in the visible light wavelength range. 

As a consequence, these materials cannot be used in applications where a high optical 

transparency in the visible light wavelength range is required. Here, one of prime objectives 

was to produce transparent, oriented polyethylene films with a high maximum attainable 

Young’s modulus and tensile strength. These transparent, oriented and chain-extended 

polyethylenes could be further explored for applications such as high impact windows. 

Moreover, other potential applications such as strain sensors based on diffraction gratings 

are also discussed. 

In chapter 2, a facile method is described to produce transparent, oriented, melt-

crystallized linear polyethylene films. It was found that low visible-light transmittance (< 

50%) of oriented melt-crystallized pure polyethylene films can be significantly improved (> 

90%) by incorporating a small amount (>1 wt%) of specific high refractive index additives 

to the polyethylene prior to solid state drawing. This study was mainly performed on a 

single linear polyethylene with a comparatively low molecular weight (Mw=134 kg/mol, 

Mw/Mn=3.6) and a very poor transparency in the pure state without additives. The 

transparent and oriented polyethylene films possess a maximum attainable Young’s 

modulus and tensile strength of respectively ∼30 GPa and ∼0.65 GPa and these properties 

are independent of the type and amount of additives. A variety of additives were 

investigated. It was found that the additives with a relatively high refractive index 

significantly improve the transparency and this in contrast to those with a comparatively 

low refractive index. Moreover, the addition of low molecular weight linear polyethylene 

also improves transparency and has other benefits which are discussed later. 

Nowadays, linear polyethylenes with a wide range in molecular weight and molecular 

weight distribution are available, which opens numerous opportunities to further explore 

the phenomena described in chapter 2. The motivation was to produce transparent, oriented 

polyethylene with maximum attainable Young’s modulus and tensile strength as high as 

possible because this is expected to enhance the impact performance. A systematic 

investigation into the visible-light transparency of oriented melt-crystallized linear 

polyethylene was performed with an emphasis on the influence of molecular weight 

(chapter 3) and molecular weight distribution (chapter 4). The results indicated that both 

the molecular weight and molecular weight distribution have a large influence on the 

transparency of oriented melt-crystallized linear polyethylene. The results indicated that 



4 
 

transparent and oriented polyethylene with a maximum attainable strength up to 1 GPa can 

be produced. 

Ultra-high molecular weight polyethylene (UHMWPE; Mw~10
3 

kg/mol) was melt-blended 

with a low molecular weight linear polyethylene wax (PEwax; Mw~1 kg/mol) and the solid 

state drawing behavior and mechanical properties are explored in chapter 5. As discussed 

previously, the addition of the PEwax improves the transparency of oriented and chain-

extended, melt-crystallized polyethylenes. The results in this chapter indicated that the 

PEwax acts as solvent for the UHMWPE which leads to an improvement in rheological 

properties and the maximum attainable draw ratio of the blends. The maximum Young’s 

modulus of the oriented films increases with more than a factor 2 without removal of the 

solvent. Moreover, it was also found that the maximum attainable strength of the oriented 

blends increases significantly from ~1 GPa to ~1.5 GPa upon addition of ~60 wt% of the 

PEwax while preserving the transparency. The results also indicated that the strength of the 

oriented polyethylene blends is rather independent of the number average molecular weight 

which is rather surprising in view of current models on the fracture mechanism of oriented 

polyethylene, in which fracture is dominated by  molecular chain slip.  

The high transparency of oriented, melt-crystallized polyethylene films opens new 

opportunities for further modification of these films. For instance, a new procedure is 

presented in chapter 6 for generating relief gratings on the surface of these oriented 

polyethylene films using interference holography with a nanosecond pulsed laser. An 

ultraviolet light absorber, 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) was 

incorporated into polyethylene prior to solid-state drawing. Illumination with an 

interference pattern in the absorption band of BZT leads to a local melting of the oriented 

PE and simultaneously causes a weight loss of BZT which is accompanied by a volume 

decrease in the exposed regions. As a consequence, relief gratings are generated on the 

surface of the oriented polyethylene films. The height of relief gratings depends on the BZT 

concentration and also on the energy dose. Relief gratings with a pitch between ~4 μm and 

~26 μm are obtained by adjusting the recording angle (2θ) between two interference beams 

between 5.2° and 0.8°. The oriented polyethylene films with relief gratings are evaluated as 

strain sensors. It was found that strains below 10% can be accurately monitored in 

transmission using a laser with a wavelength of 632.8 nm.  

In conclusion, transparent, melt-crystallized oriented and chain-extended polyethylenes 

were investigated in this thesis and it was found that such transparent materials with high 

mechanical properties can indeed be obtained. It is expected that the combination of a high 

visible-light transparency, a high (specific) Young’s modulus, a high (specific) strength and 

a low density will eventually lead to new applications of these materials.  
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Samenvatting 

Georiënteerde en verstrekte polyethylene vezels, tapes en films met een hoge maximale 

Young’s modulus en treksterkte zijn in het verleden geproduceerd via smelt spinnen, 

natspinnen en oplosmiddelvrije procedures gecombineerd met ultra-verstrek technieken 

(hoofdstuk 1). Algemeen genomen zijn deze type polyethyleen, met een hoge modulus en 

treksterkte, niet volledig transparant voor licht in het zichtbaar gebied. Dit heeft als gevolg 

dat deze materialen niet kunnen worden gebruikt voor toepassing waarbij volledige 

optische transparantie is vereist. Een van de hoofd onderwerpen binnen dit onderzoek, is de 

ontwikkeling van transparant en georiënteerde polyethylene films met hoge maximale 

Young’s modulus en treksterkte. Deze types transparante georiënteerde en verstrekte 

polyethyleen kunnen eventueel worden doorontwikkeld tot bijvoorbeeld inslagbestendige 

ramen. Andere mogelijke toepassingen, zoals spanningssensoren op basis van diffractie 

patronen worden later besproken.  

Een relatief ongecompliceerde methode voor de productie van transparante, georiënteerde, 

smelt gekristalliseerde lineaire polyethyleen films wordt beschreven in hoofdstuk 2. Dit 

onderzoek heeft aangetoond dat voor georiënteerde smelt gekristalliseerde pure 

polyethyleen films de transmissie van zichtbaar licht (<50%) significant kan worden 

verbeterd (>90%) door, voordat het verstrek proces plaats vindt, toevoeging van een kleine 

hoeveelheid (>1%) additief met een hoge brekingsindex. Gedurende dit deel van het 

onderzoek is de meeste aandacht uitgegaan naar één enkel lineair polyethyleen met een 

relatief laag moleculair gewicht (Mw=134 kg/mol, Mw/Mn=3.6) welke in vaste fase zonder 

additieven een zeer slechte transparantie heeft. De transparante en georiënteerde films 

hebben een maximale haalbare Young’s modulus en treksterkte van respectievelijk ~30 

GPa en ~0.65 GPa. Deze eigenschappen blijken onafhankelijk te zijn van het type en 

hoeveelheid additief. Experimenten waarbij additieven werden toegevoegd met variërende 

brekingsindexen hebben aangetoond dat het toevoegen van een additief met relatief hoge 

brekingsindex de transparantie significant verbeterd. In tegenstelling tot additieven met een 

relatief lage brekingsindex. Daarnaast is aangetoond dat toevoeging van laag moleculair 

gewicht lineair polyethyleen de transparantie verbetert, dit wordt later in meer detail 

besproken. 

Tegenwoordig is lineaire polyethyleen beschikbaar in een grote variatie van moleculair 

gewicht en moleculaire gewichtsverdeling. Hierdoor is het mogelijk om de fenomenen die 

in hoofdstuk 2 beschreven zijn, verder te onderzoeken met als doel om een transparant, 

georiënteerd polyethyleen te maken met maximaal haalbare Young’s modulus en 

treksterkte. Het is verondersteld dat deze eigenschappen de inslagbestendigheid vergroten. 

Een systematische onderzoekstrategie is toegepast om de transparantie in het zichtbaar licht 

te onderzoeken van smelt gekristalliseerde lineair polyethyleen met een nadruk op de 

invloed van moleculair gewicht (hoofdstuk 3) en moleculairgewichtsverdeling (hoofdstuk 
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4). Resultaten toonde aan dat zowel het moleculair gewicht en de moleculair 

gewichtsverdeling van grote invloed zijn op de transparantie van de georiënteerde smelt 

gekristalliseerde lineaire polyethyleen. Daarnaast is aangetoond dat het transparante en 

georiënteerd polyethyleen een maximale treksterkte kan bereiken van 1GPa.  

Ultrahoog moleculair gewicht polyethyleen (UHMWPE; Mw~10
3 
kg/mol) is gemengd in de 

gesmolten fase met laag moleculair gewicht lineair polyethyleen wax (PEwax; Mw~1 

kg/mol). Hierop volgend is het vaste-fase verstrek gedrag en de mechanische 

eigenschappen onderzocht in hoofdstuk 5. Zoals eerder besproken, het toevoegen van 

PEwax verbeterd de transparantie van georiënteerde en keten-verstrekte, smelt 

gekristalliseerd polyethyleen. De resultaten gepresenteerd in dit hoofdstuk tonen aan dat 

PEwax functioneert als een oplosmiddel voor UHMWPE. Hierdoor zijn reologische 

eigenschappen en maximaal haalbare vertrekt ratio’s van de blend verbeterd. De maximaal 

haalbare Young’s modulus van de georiënteerde films is verhoogd met een factor 2 zonder 

verwijdering van het oplosmiddel. Daarnaast is aangetoond dat de maximaal haalbare 

treksterkte van de georiënteerde blend is vergroot van ~1 GPa naar 1.5 GPa na toevoeging 

van ~60 wt% van de PEwax met behoud van de transparantie. De treksterkte van de 

georiënteerde polyethyleen mix bleek onafhankelijk te zijn van het aantalgemiddeld 

moleculairgewicht, wat verrassend is aangezien recente modellen over het breekgedrag van 

georiënteerd polyethyleen uit gaan van het feit dat moleculaire ketenslip een dominante 

factor is. 

De transparantie van de georiënteerde, smelt gekristalliseerde polyethyleen films bied 

nieuwe kansen voor de modificatie van deze films. Een nieuwe procedure is gepresenteerd 

in hoofdstuk 6 voor het introduceren van periodieke reliëf structuren op het oppervalk van 

deze georiënteerde polyethyleen films door middel van interferentie holografie. Hierbij 

wordt gebruik gemaakt van een nanoseconde pulserend laser. Een ultraviolet light 

absorberend molecuul, 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylfenol (BZT), is toegevoegd 

aan de polyethyleen voor het verstrek proces. Belichting van het samples via een 

interferentie patroon resulteert in absorptie door BZT waardoor het georiënteerde materiaal 

lokaal smelt. Daarnaast treed er een lokaal massa verlies op door verlies van BZT. Dit allen 

resulteert in een reliëf in de vorm van het interferentie patroon op het oppervlak van het 

materiaal. De hoogte van de reliëf structuren is afhankelijk van de BZT concentratie en 

energie dosis van de laser. De afstanden binnen het interferentie patroon varieerde tussen 

~4 μm en ~26 μm en werden bewerkstelligd door de hoek tussen de interferende 

lichtbundels (2θ) te variëren tussen 5.2° en 0.8°. De via interferentie patronen verkregen 

reliëf structuren zijn geëvalueerd voor de toepassing van spanningssensor. Experimenten 

hebben aangetoond dat via een diffractie patroon, gegenereerd door het beschijnen van het 

reliëf patroon met laserlight met een golflengte van 632.8 nm, een uitrekking tot 10% 

gevolgd kan worden. 
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Alles samenvattend, transparante, smelt gekristalliseerde, georiënteerde, en verstrekte 

polyethyleen is onderzocht in deze thesis. Hier is uit gebleken dat dit type transparante 

materialen goede mechanische eigenschappen kan aannemen. Er wordt verwacht dat de 

combinatie van optisch transparant, hoge (specifieke) Young’s modulus, hoge (specifieke) 

trek sterkte en lage dichtheid kan resulteren tot nieuwe applicaties.  
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1.1 General introduction 

High Young’s modulus and tensile strength polyethylene fibers, tapes and films are 

nowadays produced with a variety of processes such as melt spinning,
1–4

 solution (gel) 

spinning
5–9

 and so-called nascent routes.
10–14

 In all these processes, solid state ultra-drawing 

is performed at a temperature close to but below the melting temperature to generate a high 

degree of orientation and chain extension. In all cases, the prime objective is to produce 

polyethylene fibers, tapes or films with a high maximum attainable specific Young’s 

modulus (E/ρ) and specific strength (t/ρ), where ρ is the density. 

In 1970s, Ward and co-workers developed a route for melt-spinning and solid state drawing 

of linear polyethylene.
1–4

 As shown in Figure 1.1, linear polyethylene is melt-spun from a 

spinneret and subsequently ultra-drawn in an oven at an optimum drawing temperature.  

The process of melt-spinning and solid state drawing is restricted by the weight average 

molecular weight (Mw) of polyethylene that can be employed i.e. an upper limit in melt-

spinning of approximately 210
2
 kg/mol is encountered. By controlling the initial polymer 

morphology, material characteristics and the solid state drawing conditions, polyethylene 

fibers, tapes or films were produced with a maximum attainable Young’s modulus and 

tensile strength of respectively 50-70 GPa and 0.8-1.4 GPa.
15–18

 These melt-spun 

polyethylene fibers were commercialized, for instance, by Toyobo Co. Ltd., under the trade 

name Tsunooga™.
18

 The maximum attainable strength of melt-spun, drawn polyethylene is 

still relatively low due to their low molecular weight. Nevertheless, a process based on 

melt-spinning and solid state drawing has advantages related to its simplicity and relatively 

low cost. 

 

Figure 1.1 Schematic representation of melt spinning of polyethylene fibers.  

Ultra-high molecular weight polyethylene (UHMWPE; Mw>10
3 

kg/mol) possesses a high 

melt viscosity and is often considered intractable in conventional melt-spinning 

operations.
19

 Moreover, the maximum attainable draw ratio of melt-crystallized UHMWPE 

is also low (λ<10) as a result of numerous tie molecules and physical entanglements.
20

 The 

discovery of the gel spinning process (Figure 1.2) by Smith, Lemstra and Pennings
5–9

 

enabled the production of high Young’s modulus and high strength UHMWPE fibers. It 

was found that the maximum attainable draw ratio of UHMWPE is enhanced dramatically 

upon crystallization from semi-dilute solution and that the enhanced maximum attainable 



11 
 

draw ratio is preserved even after a complete removal of the solvent from the gels.
5–9

 With 

this process, UHMWPE fibers are nowadays produced with a maximum attainable Young’s 

modulus of 100-180 GPa and tensile strength of 3-5 GPa.
22,23

  

 

Figure 1.2 Schematic representation of solution (gel) spinning of UHMWPE fibers. 

Reprinted from reference 21 with permission of the Nature Publishing Group. 

These UHMWPE fibers were commercialized by DSM under the trade name Dyneema
®
 

and by Allied-Signal/Honeywell in the USA (under license from DSM) with the tradename 

Spectra
®
.
24,25

 Toyobo Co., Ltd.
26

 also produces these fibers in a joint venture with DSM. A 

variety of other producers of UHMWPE fibers are, nowadays, also available including 

Chinese producers such as Beijing Tongyizhong Specialty Fiber Technology & 

Development Co., Ltd. (Doyentrontex
®
).

27
 One of the main drawbacks of solution spinning 

is that large amounts of solvents like decahydronaphthalene, paraffin oil or vegetable oil are 

required and need to be extracted and/or recycled which decreases productivity and 

increases cost.
5,28–33

  

Solvent-free routes for manufacturing of solid state drawn UHMWPE were also explored 

extensively in the past.
10–14

 Typically, so-called virgin or nascent UHMWPE powders with 

a low entanglement density are produced by performing the UHMWPE polymerization at 

low temperatures and low catalyst activities,
11,14

 which is often rather expensive. These 

UHMWPE powders are converted into tapes, or films in the solid state below the melting 

temperature to preserve their excellent solid state drawing characteristics.
10,12

 The solid 

state processing restricts the flow of nascent polymers and complex product geometries like 

multifilament yarns cannot be produced. The UHMWPE tapes based on the solvent-free 

routes were commercialized by Teijin under the trade name Endumax
®
, DuPont™ as 

Tensylon™ and DSM as Dyneema
®
 BT10.

34–36
 Typically, the drawn tapes possess a 

maximum attainable Young’s modulus between 80 and 170 GPa and tensile strength 

between 2.0 and 2.5 GPa, respectively.
34–36
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Figure 1.3 A few applications of high Young’s modulus and high strength polyethylene 

fibers or tapes: (a) bulletproof vests, (b) shields, (c) cut-resistant gloves, (d) ropes, (e) 

fishing lines and (f) cargo containers.
22,23,37,38

 

Benefitting from their high maximum attainable Young’s modulus and strength, these 

oriented and chain-extended polyethylene have found a very wide range of applications 

(Figure 1.3) including personal protection (bulletproof vests, shields, armoring and 

helmets), vehicle protection, cut-resistant textiles, ropes and chains for marine and offshore 

applications, fishing lines and nets, cargo containers, and sports articles such as climbing 

ropes, fishing lines, sports clothing, parachute ropes, sails and kite lines.
22,23,37,38

  

 

Figure 1.4 Specific tensile strength (t/ρ) versus specific Young’s modulus (E/ρ), ρ is 

material density. 

In Figure 1.4, the maximum attainable specific Young’s modulus (E/ρ) and specific tensile 

strength (t/ρ) of a variety of materials are shown, where ρ represents material density. The 

oriented and chain-extended polyethylenes produced by the various routes are compared to 

other materials such as glass, steel, aramid and carbon fibers. This graph illustrates that the 

UHMWPE fibers exhibit excellent mechanical properties especially with respect to their 
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specific tensile strength which, to a certain extent, is also due to their low density (ρ<1 

g/cm
3
). 

In the following sections, the solid state drawing of linear polyethylene and the mechanical 

properties of oriented and chain-extended polyethylene are discussed in more detail with an 

emphasis on melt-crystallized polyethylene. 

1.2 Solid-state drawing process  

Solid state drawing of linear polyethylene, i.e. close to but below melting temperature, 

leads to a high degree of molecular orientation and chain extension in the drawing direction. 

Peterlin et al.
39–41

 proposed a deformation model which explains the morphology 

transformation from isotropic lamellae to anisotropic micro-fibrils during the solid-state 

drawing (Figure 1.5).  

 

Figure 1.5 Schematic representation of the transformation of initial lamellae into the micro-

fibrillar structures upon drawing. Reprinted from reference 41 with permission of Springer. 

In this deformation model, chain tilting and slipping takes place in the lamellar structures 

during the initial stage of drawing. Subsequently, the lamellae break up and/or reorganize 

into small blocks of crystallites. These crystallites, together with the amorphous material, 

are incorporated into so-called micro-fibrils which are oriented in the drawing direction. In 

the course of further drawing, the lamellae unfold, additional orientation and chain 

extension along the drawing direction is generated, which accounts for the drastic 

improvement in Young’s modulus and tensile strength.  

1.2.1 Molecular weight and molecular weight distribution effects 

Ward and co-authors systematically investigated the drawing behavior of linear 

polyethylene in the solid state.
2,4,42

  

A well-known observation based on numerous isothermal drawing experiments is that the 

maximum draw ratio decreases with an increasing weight-average molecular weight (Mw) 

in the case of linear polyethylene under optimized conditions with respect to crystallization 

history and drawing temperature (Figure 1.6). The maximum achievable draw ratio (λmax) 

shows a limiting value less than 10 at an Mw higher than 10
3
 kg/mol. Subsequent studies

43
 



14 

 

further pointed out that the λmax of melt-crystallized linear polyethylene scales with the Mw 

as λmax∝ Mw
-0.5, as shown in Figure 1.6.  
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Figure 1.6 Maximum achievable draw ratio (λmax) of melt-crystallized polyethylene as a 

function of Mw. (○) data from reference 43, () data from reference 44. Reproduced from 

reference 43 with permission of John Wiley and Sons. 

These experimental observations suggest that intermolecular interactions dominate the 

drawing behavior of melt-crystallized linear polyethylene. For high molecular weight linear 

polyethylene, intermolecular interactions such as entanglements and/or tie molecules are 

frozen during crystallization which restricts the λmax upon drawing in the solid state.
 2,4,42

 

The molecular weight distribution (Ɖ=Mw/Mn) also influences the drawing process. At an 

identical Mw of approximately 100 kg/mol, Ward and co-authors
4
 found that polyethylenes 

with a broad molecular weight distribution have a high draw ratio upon solid state drawing. 

1.2.2 Drawing temperature effects 

In a series of investigations,
42,45–48

 it was found that drawing temperature (Td) should be 

optimized to a temperature range in which the molecular mobility is adequate to obtain the 

maximum attainable draw ratio (λmax). The optimum temperature range is dependent on the 

molecular weight of the polyethylene grades i.e. a general trend is usually observed that it 

increases with an increasing weight average molecular weight. Jarecki and Meier
47

 

investigated the drawing behavior of linear polyethylene as a function of drawing 

temperature and the results are shown in  Figure 1.7.  
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Figure 1.7 Maximum attainable draw ratio (λmax) as a function of drawing temperature (Td) 

for melt-crystallized linear polyethylene with Mw~94 kg/mol, Mn~22 kg/mol, (□) and 

Mw~208 kg/mol, Mn~11 kg/mol (○), respectively. Reproduced from reference 47 with 

permission of Elsevier. 

The results confirmed that there is an optimum drawing temperature for different linear 

polyethylene grades. Typically, low molecular weight polyethylene is drawn at a lower 

temperature and necking rupture takes place in case of drawing at a very high temperature 

which results in a low maximum attainable draw ratio. High molecular weight polyethylene, 

on the other hand, can be only drawn to their λmax at higher drawing temperature. 

1.2.3 Initial thermal treatment 

Several important observations were made by Capaccio and Ward,
2,3,42

 concerning the 

influence of initial thermal treatment on the drawing behavior of melt-crystallized linear 

polythylene. Linear polyethylene was processed in the melt and then directly quenched into 

water to ambient temperatures, and this was compared to polyethylene which was slowly 

cooled from the melt to 110 
o
C and then quenched into water. A striking conclusion is that 

for low molecular weight polyethylene, thermal treatment leads to a dramatic increase in 

the λmax, which results in enhanced mechanical properties. 

Detailed microstructural studies indicated that the changes in drawing behavior of low 

molecular weight polyethylene are mainly attributed to the difference in material 

morphology originating from the various thermal treatments. Slow cooling of low 

molecular weight polyethylene produces more regular lamellar microstructures and less 

inter-lamellar tie molecules, hence leading to an improved drawability. For high molecular 

weight linear polyethylene, on the other hand, the initial thermal treatment has little 

influence on the morphology and drawing behavior. 

1.3 Mechanical properties  

Solid state drawing of melt-crystallized polyethylene leads to a high degree of molecular 

orientation and chain extension and consequently to a high Young’s modulus (E) and 

tensile strength (t).
4,8

 However, the experimental strength (~1-6 GPa) is far less than the 
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theoretical value which is estimated to be between 25 GPa and 40 GPa.
49,50

 This theoretical 

strength is calculated from the bond energy of the C-C covalent bond in the polyethylene 

backbone. On the other hand, the highest experimental values for the elastic modulus 

(~100-200 GPa) approach the theoretical maximum value reported for a perfect crystal of 

polyethylene (235-300 GPa).
51,52

  

1.3.1 Young’s modulus 

Systematically studies concerning the Young’s modulus of oriented melt-crystallized 

polyethylene were performed by Cappacio and Ward.
1,2,4,42

 They found an unique Young’s 

modulus/draw ratio relationship, which is independent of material characteristics including 

molecular weight and molecular weight distribution and initial thermal treatment. The 

Young’s modulus of oriented, melt-crystallized polyethylene increases monotonically with 

an increasing draw ratio, independent on the molecular weight, the molecular weight 

distribution and the initial thermal treatment (Figure 1.8). A similar relationship between 

the Young’s modulus and the draw ratio was also observed by Smith and Lemstra
7
 in gel-

spun and ultra-drawn ultra-high molecular weight polyethylene.  
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Figure 1.8 Young’s modulus (E) as a function of draw ratio (λ) for a variety of quenched 

(open symbols) and slowly cooled (solid symbols) polyethylene. Reproduced from 

reference 4 with permission of John Wiley and Sons. 

1.3.2 Tensile strength 

Unlike the Young’s modulus, the tensile strength of the oriented linear polyethylene is 

rather sensitive to the molecular weight and the molecular weight distribution. In the case 

of melt-spun and ultra-drawn linear polyethylene fibers, Wu and Black
15

 concluded that the 

number-average molecular weight (Mn) is the predominant factor in determining the 

ultimate tensile strength. One of the necessary conditions, in order to achieve a high 

strength, is that the Mn must be higher than 20 kg/mol. A similar dependence of the tensile 

strength on the Mn was observed for the melt-spun and ultra-drawn polyethylene fibers with 

a nearly constant Mw by Smith et al.,
16

 as shown in Figure 1.9. 
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Figure 1.9 Tensile strength (t) as a function of Young’s modulus (E) of melt-spun, ultra-

drawn polyethylene. (A) Mw=100 kg/mol, Mn=13 kg/mol; (B) Mw=115 kg/mol, Mn=28 

kg/mol; (C) Mw=120 kg/mol, Mn=110 kg/mol; Reproduced from reference 16 with 

permission of John Wiley and Sons. 

The fracture mechanism of oriented and chain-extended polyethylene was explored 

extensively in the past from an experimental and theoretical viewpoint.
53–55

 Normally, it is 

assumed that the tensile strength (σt ) at a fixed Young’s modulus (E) scales with the 

number average molecular weight (Mn) as,
16,37,41,53,56

 

σt ∝ Mn
p Em  

in which p and m are constants, although, a complete consensus does not exist in the 

scientific literature. This dependence of the tensile strength ( σt ) on the Mn is often 

interpreted in terms of chain slip originating from the weak intermolecular interactions in 

chain-extended polyethylene.
41,43,57

 It was also found that the molecular weight distribution 

(Ɖ=Mw/Mn) affects the strength of oriented linear polyethylene.
45

 Generally, oriented and 

chain-extended linear polyethylenes with an identical Mw and a low Ɖ have a relatively 

high strength, which also can be explained in terms of a high Mn. 

1.4 Transparency 

The visible light transparency of solid-state drawn, melt-crystallized polyethylene, 

especially for high density polyethylene (HDPE), is usually rather poor, which limits their 

usefulness in certain applications. This poor transmittance in the wavelength range of 400-

700 nm normally originates from extensive light scattering due to bulk or surface structures 

in the drawn materials. For instance, it has been proposed that the light scattering is related 

to internal voids both longitudinal or perpendicular to the drawing direction.
58

 

Several studies have been reported on the improvement of optical transparency of linear 

low-density polyethylene (LLDPE)
59-61

 and it was shown that a high transparency in blown 

LLDPE films can be achieved. However, ultra-drawing in the solid state was not performed 

and, as a consequence, highly oriented, chain-extended polyethylene films with a high 

Young’s modulus and strength were not obtained. According to our knowledge, only one 
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study describes the preparation of transparent, solid-state drawn HDPE.
62

 In this particular 

case, the transparent drawn HDPE was obtained by ultra-drawing HDPE at a temperature of 

100-105 
o
C. In addition, the study was limited to HDPE with a broad molecular weight 

distribution (Mw~208 kg/mol, Mw/Mn=18.9). In the case of HDPE with a narrower 

molecular weight distribution (Mw~94 kg/mol, Mw/Mn=4.3), the drawn films were always 

opaque at all drawing temperatures between 40~105 
o
C.

62
 

1.5 Aim and outline of the thesis 

One of prime objectives of this thesis is to produce transparent, oriented and chain-

extended polyethylene with high maixmum attainable Young’s modulus and tensile 

strength. This thesis is focussed on drawn, melt-crystallized polyethylenes to explore the 

guiding principles for generating a high transparency in chain-extended polyethylenes. 

Benefiting from their excellent mechanical properties, these transparent polyethylenes can 

be potentially further explored for applications such as high impact windows. Moreover, 

micro-patterning of these transparent, chain-extended polyethylenes based on the use of 

interference holography with pulsed lasers, are also explored. 

In chapter 2, a facile procedure is reported to produce transparent, oriented and chain-

extended, melt-crystallized linear polyethylene films. This study is mainly performed on a 

single linear polyethylene with a comparatively low molecular weight (Mw=134 kg/mol, 

Mw/Mn=3.6). A special emphasis is devoted to additives which are used to enhance the 

transparency of ultra-drawn films. Nowadays, linear polyethylenes with a very wide range 

in molecular weight and molecular weight distribution are available, which opens numerous 

opportunities to further explore the phenomena described in chapter 2. The prime 

motivation is to produce transparent, oriented and chain-extended polyethylenes with an 

enhanced Young’s modulus and strength. A systematic investigation into the transparency 

of oriented and chain-extended melt-crystallized linear polyethylene was performed 

focusing on the influence of molecular weight (chapter 3) and molecular weight 

distribution (chapter 4). In chapter 5, transparent, high modulus and high strength films 

are produced based on melt-crystallized bimodal UHMWPE blends with a low molecular 

weight linear polyethylene. These bimodal polyethylenes are explored in an attempt to 

increase the tensile strength and the modulus of transparent films even further. 

The transparent and chain-extended melt-crystallized polyethylene films presented in 

chapters 2-5 are also potentially useful in applications such as strain sensors. A new 

procedure is presented in chapter 6 for generating relief gratings on the surface of these 

transparent, chain-extended polyethylene films using interference holography with a 

nanosecond pulsed laser. The films with relief gratings are evaluated as strain sensors.  
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Chapter 2 

 

Improving the Transparency of Drawn, Melt-Crystallized 

Linear Polyethylene: The Influence of Additives 

 

 

Highly transparent, drawn high-density polyethylene (HDPE) films were successfully 

prepared using compression molding and solid-state drawing techniques. The low optical 

transmittance (<50%) of pure drawn HDPE films can be drastically improved (>90%) by 

incorporating a small amount (>1 wt%) of specific additives to HDPE materials prior to 

drawing. It is shown that additives with relatively high refractive index result in an 

increased optical transmittance in the visible light wavelength which illustrates that the 

improvement in optical transmittance probably originates from refractive index matching 

between the crystalline and non-crystalline regions in the drawn films. Moreover, the 

transparent drawn HDPE films containing additives maintain their physical and mechanical 

properties, especially their high modulus and high strength, which makes these films 

potentially useful in a variety of applications such as high-impact windows.  

 

 

 

 

 

 

 

 

 

 

This chapter is partially reproduced from: a) L. Shen, K. Nickmans, J. Severn, C. W. M. 

Bastiaansen, ACS Appl. Mater. Interfaces 2016, 8, 17549 and b) L. Shen, J. Severn, C. W. 

M. Bastiaansen, Transparent Drawn Article, WO2017103055 (A1), Applicant DSM IP 

ASSETS BV, priority date filling: 16 December 2016  



24 

 

2.1 Introduction 

The drawn, melt-crystallized linear polyethylenes normally possess rather poor 

transparency in the visible light wavelength range (400-700 nm), which has been discussed 

in chapter 1. In this chapter, we report a facile method to improve the poor transparency of 

the drawn melt-crystallized linear polyethylenes. 

In general, additives such as light stabilizers and antioxidants are required in polyethylene 

in order to preserve their properties during processing or to improve their long term 

stability.
1-3

 Usually, these additives are added in small quantities (less 0.1 wt%) to reduce 

cost. We report here that the visible light transparency of the drawn HDPE films can be 

dramatically improved by incorporating a relatively high content of specific additives while 

the corresponding mechanical properties of these drawn HDPE films are successfully 

preserved. This study predominantly focuses on 2-(2H-benzotriazol-2-yl)-4,6-

ditertpentylphenol (BZT) as an additive which is one of the most widely used UV absorbers 

for polymers, coatings, adhesives and sealants. Furthermore, a limited set of other solid- 

and liquid- additives are selected to explore the possible mechanism behind the observed 

improvement in optical characteristics of the drawn HDPE films.  

2.2 Experimental   

2.2.1 Materials 

The high density polyethylene used was Borealis VS4580 (Burghausen, Germany) with a 

number- and weight-average molecular weight of approximately 3.710
4
 and 1.3410

5 

g/mol. 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) was purchased from BASF 

(Germany). Cinnamon oil and Polystyrene oil (average Mw: 800 g/mol) were obtained from 

Sigma-Aldrich Co. (Germany). Paraffin oil was purchased from Thermo Fisher Scientific 

Inc. (Netherland). 3M™ Dynamar™ Polymer Processing Additive FX 5911 was purchased 

from 3M (Germany). POLYWAX™ 500 polyethylene (PEwax) (average Mw: 400 g/mol) 

was received from Baker Hughes Incorporated (Houston, America). All reagents were used 

directly as received without further purification. 

2.2.2 Preparation of specimens 

HDPE samples containing 0.5, 1.0, 2.0 and 5.0 wt% of the BZT were mixed with HDPE 

pellets in a co-rotating twin screw extruder at 160 
o
C. As an example, the blends containing 

0.5% BZT will be called PE0.5. Similar nomenclatures will be used for other samples. The 

extrudates were cooled in a water bath at room temperature, air dried, then palletized into 

granules. Subsequently, isotropic sheets of approximately 1.5 mm thickness were produced 

by compression molding at 160 
o
C for 5 minutes, followed by quenching in water. 

Dumbbell-like samples with gauge dimensions 1.20.2 cm were then cut from the 

compression-molded sheets. These dumbbell-like samples were subsequently drawn to 

various draw ratios at 80 
o
C in air using a Zwick Z100 tensile tester at a crosshead speed of 
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100 mm/min. The draw ratio (λ) was determined from the displacement of ink marks 

initially spaced at intervals of 1 mm or 2 mm on the sample surface. The thickness of the 

drawn samples was calculated by weighing assuming a density equal to 1 g/cm
3
,
4
 which can 

reduce errors related to variations of the cross-sectional area of the drawn samples along the 

plastically deformed zone. 

2.2.3 Characterization  

The absorbance and transmittance spectra were measured in the range of 250-700 nm on a 

Shimadzu (Japan) UV-3102 PC spectrophotometer with a 1-nm interval, equipped with a 

MPC-3100 multi-purpose large sample compartment. In order to reduce surface scattering, 

a few drops of paraffin oil were coated on the surface of the drawn PE films and the films 

were sandwiched between two glass slides. The Young’s modulus and tensile strength of 

the drawn samples was measured at room temperature on a Zwick Z100 tensile tester at a 

crosshead speed of 100 mm/min. In all cases, at least three strips were measured and the 

mean values of Young’s modulus together with tensile strength and the corresponding 

standard deviation were calculated. The rheological properties of the polymers were 

characterized via a stress-controlled TA instrument AR-G2 rheometer (USA) using a 25 

mm parallel plate-plate geometry and disk-shape specimens (25 mm in diameter; 1 mm in 

thickness). Frequency sweeps in the range of 500-0.1 rad/s were performed at a temperature 

of 200 
o
C in a N2 atmosphere at a constant strain of 0.5%. Optical microscopy was 

performed on a Leica CTR 6000 microscope. Small-angle light scattering (SALS) patterns 

were recorded using a 15 mW He-Ne gas laser as a light source. VV patterns were obtained 

with the direction of polarizer and analyzer both vertical. The drawing direction of the films 

was always perpendicular to the polarizer. Wide angle X-ray scattering (WAXS) 

measurements were performed on a Ganesha lab instrument equipped with a Genix-Cu 

ultra-low divergence source producing X-ray photons with a wavelength of 1.54 Å and a 

flux of 110
8
 photons/second. Diffraction patterns were collected on a Pilatus 300K silicon 

pixel detector with 487619 pixels of 172 µm
2
 placed at a sample-to-detector distance of 91 

mm. The detector consists of three plates with a 17 pixels spacing in between, resulting in 

two dark bands on the image. Azimuthal integration of the obtained diffraction patterns was 

performed to obtain the intensity versus the scattering vector (q). The percentage 

crystallinity (Xc) was measured by WAXS using the following equation:  

Xc=
I110+1.46I200

I110+0.75Ia+1.46I200

∙100% 

Where I110, I200, and Ia are the integral areas of the (110), (200) and the amorphous peak of 

polyethylene, respectively.
5
 The extent of the crystal orientation of the drawn samples was 

quantitatively described by Herman’s orientation function (fc),
6,7

 

fc= 
3<cos2ψ>-1

2
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where ψ is the angle between chain axis and the drawing direction and <cos2ψ> is defined 

as, 

<cos2ψ>= 
∫ I(ψ)cos2(ψ)sinψdψ

π
2

0

∫ I(ψ)sinψdψ
π
2

0

 

where 𝐼(𝜓) is the scattering intensity along the angle 𝜓. Polarized absorbance spectra of 

samples in the range of 250-500 nm were measured on a Perkin Elmer, Lambda 750 

spectrophotometer with an 1-nm interval. The films were sandwiched between two fused 

quartz glasses and coated with paraffin oil.  

2.3 Results  

High-density polyethylene films containing up to 5 wt% of additives (2-(2H-benzotriazol-

2-yl)-4,6-ditertpentylphenol) (BZT) were first prepared by melt blending in a co-rotating 

twin screw extruder followed by compression-molding. The rheological properties (Figure 

2.1) and solid-state drawing behavior (Figure 2.2) of the mixtures were explored and the 

Young’s modulus and strength (Figure 2.3) after uniaxial drawing were measured.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 (A) Storage moduli (G`), (B) loss moduli (G``), (C) complex viscosities (|η*|) 

and (D) tan δ of BZT-containing polyethylene as a function of frequency at 200 
o
C. The 

numbers in the legends indicate the BZT-content in the drawn films. 
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Figure 2.2 The drawing behavior of compression-molded HDPE as a function of additive 

content (BZT). The drawing temperature is 80 
o
C. The numbers in the legends indicate the 

BZT-content in the drawn films. 

 

Figure 2.3 (A) Young’s modulus (E) versus draw ratio (λ) and (B) tensile strength (t) 

versus Young’s modulus (E) for pure and BZT-containing PE drawn at 80 
o
C. The numbers 

in the legends indicate the BZT-content in the drawn films. 

It was found that all these properties were hardly changed upon addition of BZT additive, 

even at a comparatively high content. In accordance with previous studies on drawn HDPE 

films, it is observed that high draw ratios (25-30) can be obtained when the compression-

molded films were drawn at 80 
o
C and that melt-crystallized, drawn films with a high 

modulus (>30 GPa) and strength (>0.6 GPa) can be produced.  
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Figure 2.4 (A) Absorbance and (B) transmittance of drawn HDPE films (λ=10) as a 

function of additive content (BZT). The thickness of the drawn films is around 160 μm and 

the numbers in the legends indicate the BZT-content in the drawn films. 

In Figure 2.4A, the absorbance spectra of drawn polyethylene films in the wavelength 

range (250-500 nm) are shown. As expected, the maximum absorption in the ultraviolet 

wavelength range increases with increasing additive content, indicating that the BZT was 

successfully incorporated into polyethylene matrix with little weight loss. The most striking 

feature of these drawn films is the decreasing scattering in the visible light wavelength 

range (400-700 nm) as a function of the increasing BZT content. Therefore, the 

transmittance of the drawn films was further characterized, as shown in Figure 2.4B. The 

results indicate that the transmittance of the drawn HDPE films without additive is 

relatively low (~49% at 550 nm) and it is drastically enhanced by incorporating a 

comparatively large amount of BZT additive (1-5 wt%) into the films. For instance, the 

drawn HDPE films containing 2 wt% additive (PE2) transmit more than 90% of the visible 

light.  

 

Figure 2.5 Photographs of melt-crystallized, drawn HDPE films (λ: 10, 15 and 20) 

containing 0, 1 and 2 wt% of additive (BZT). Surface scattering is reduced by coating with 

paraffin oil. 
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As shown in Figure 2.5, the drawn PE films containing 2 wt% of BZT (PE2) show a high 

degree of optical transparency and exhibit a glass-like appearance, even at a high λ=20. By 

contrast, the drawn HDPE films without additives at an identical λ become white upon 

drawing, regardless of λ. Of course, the film thickness decreases with an increasing λ and 

this might have an effect on transparency. On the other hand, at an identical λ and film 

thickness, an obvious improvement in transparency is observed using additives which 

clearly illustrates that another mechanism is also operational. 

The influence of solid-state drawing conditions on optical transparency of the drawn HDPE 

films was explored more extensively. In Figure 2.6A, the maximum attainable draw ratio 

(λmax) of the HDPE films is plotted as a function of the drawing temperature. It can be 

found that the optimum drawing temperature of the melt-crystallized HDPE films is around 

80 
o
C and is hardly changed upon addition of additives, even at a high additive content of 5 

wt%. More importantly, it is also found that the optical transmittance of the drawn films in 

the visible light wavelength dramatically increases with an increasing additive content at an 

identical draw ratio and starts to decrease at a λ>20 (Figure 2.6B). In other words, a high 

optical transparency of the drawn HDPE is only achieved at a moderate λ=10-20 which 

corresponds to maximum attainable Young’s modulus and strength of ~30 GPa and ~0.65 

GPa, respectively.  

 

Figure 2.6 (A) Maximum attainable draw ratio (λmax) of melt-crystallized HDPE films as a 

function of drawing temperature (Td) and (B) transmittance of the drawn films as a function 

of λ. The numbers in the legends indicate the BZT-content in the drawn films. 

It is well-known that the drawn polyethylene films possess fibrillar structures and these 

structures on the film surface might cause surface light scattering, thus resulting in a loss of 

transparency.
8
 In order to avoid surface scattering, a few drops of paraffin oil were coated 

on the surface of the drawn HDPE films and the films were subsequently sandwiched 

between two glass slides. As shown in Figure 2.7, a slight further improvement in optical 

transmittance is observed upon coating with a low viscous fluid.  
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Figure 2.7 Transmittance of the drawn polyethylene films containing 2 wt% of additive 

(BZT): (A) λ =10 and (B) λ =20.  

The effect seems to be small in UV-vis measurements and therefore SALS experiments 

were performed to further study this. In Figure 2.8, a schematic representation of the SALS 

VV measurements is presented and the corresponding SALS patterns of pure glass and 

drawn HDPE films with and without coating are compared because Vv patterns have been 

demonstrated to be highly sensitive to density fluctuations, i.e., refractive index mismatch 

in the drawn films.
9,10

 It is illustrated that highly transparent drawn HDPE films with a truly 

glass-like appearance are solely obtained by incorporating the additive in combination with 

suppressing the surface scattering with an appropriate coating. 

 

Figure 2.8 (A) Schematic representation of small-angle light scattering (SALS) (VV) and 

the corresponding VV pattern of (B) glass, the drawn PE films (λ=10) containing 2 wt% of 

BZT without (C) and with (D) coating. The thickness of the drawn films is around 160 μm 

and the arrows inset indicates the drawing direction of the films. 
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The experimental results in Figure 2.6B also show that the transmittance of the drawn 

HDPE films decreases again at high draw ratios and this despite the use of additives. In 

Figure 2.9, optical micrographs of the drawn HDPE films are shown, which illustrate that 

micro-cracks are generated at high draw ratios (λ>20) in the films (perpendicular to the 

drawing direction). The perpendicular cracking structures formed at high draw ratios are 

further verified by SALS patterns.  

 

Figure 2.9 Optical microscopy images of (A, B) 0, (C, D) 1 and (E, F) 2 wt% of additive 

(BZT) at a λ=10 (left) and 25 (right). Arrows represent the drawing direction. Scale bar: 

100 μm. 

 

Figure 2.10 SALS Vv patterns of the drawn pure PE films (A, B) and the drawn PE films 

containing 2 wt% of BZT (C, D). Left: λ=10; Right: λ=25. Surface scattering is reduced by 

coating with paraffin oil and the arrows inset indicates the drawing direction of the samples. 

As shown in Figure 2.10B and 2.10D, scattering patterns along the drawing direction of the 

films are observed, thus demonstrating the presence of numerous micro-crack structures in 

the highly drawn PE films perpendicular to the drawing direction and this in contrast to the 
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scattering of the PE films at low draw ratio (Figure 2.10A and 2.10C). In fact, the 

appearance of these micro-cracks is probably related to the onset of sample failure during 

ultra-drawing. More importantly, these micro-cracks are probably present mainly in the 

bulk of the drawn films.
11

  

SEM images in Figure 2.11 also indicate the absence of the micro-cracks on the surface of 

the drawn samples. Apparently, defect structures scatter light and have a detrimental effect 

on the optical properties of the drawn films at high draw ratios.  

 

Figure 2.11 SEM images of the drawn HDPE films containing (A, B) 0, (C, D) 1 and (E, F) 

2 wt% of BZT at λ=10 (left) and λ=25 (right), the scale bar is 50 μm. 

 

 

 

 

 

 

 

 

Figure 2.12  Wide-angle X-ray scattering (WAXS) patterns of the drawn HDPE as a 

function of draw ratio (λ) and BZT content. The drawing direction is in the horizontal axis. 

Wide-angle X-ray scattering (WAXS) measurements with the incident X-ray beam 

perpendicular to the film surfaces (Figure 2.12) were also recorded. In all cases, the (110) 

and (200) reflections were used to calculate the lattice parameters of the orthorhombic 

polyethylene unit cell.
12
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As shown in Table 2.1, there is no observable changes in lattice parameters prior to and 

after addition of BZT. Therefore, it is reasonable to conclude that the BZT is largely 

rejected by the crystalline regions and is mainly concentrated in the non-crystalline regions 

like amorphous regions, interstices between microfibrils, or both in the samples. Moreover, 

the crystallinity (Xc) and the orientation function (fc) of the samples were also extracted 

from the scattering data and the results in Table 2.1 illustrate the lack of detectable changes 

in Xc and fc of the samples as a result of introduction of BZT.  

Table 2.1 Crystallinity (Xc), orientation function (fc), a-axis and b-axis of the orthorhombic 

unit cell of the drawn HDPE 

samples λ (-) X
c
 (%) fc a (Å) b (Å) 

Pure PE 

1 65.3 0 7.32 4.88 

7 62.1 0.911 7.33 4.90 

10 65.1 0.928 7.33 4.90 

15 68.9 0.939 7.37 4.89 

20 71.4 0.944 7.37 4.89 

PE + 1% BZT 

1 65.5 0 7.31 4.88 

7 61.1 0.898 7.31 4.89 

10 62.3 0.91 7.32 4.90 

15 68.8 0.933 7.34 4.89 

20 70.4 0.938 7.37 4.88 

PE + 2% BZT 

1 62.9 0 7.35 4.90 

7 61.9 0.884 7.34 4.89 

10 62.3 0.899 7.35 4.90 

15 66.4 0.921 7.38 4.88 

20 67.5 0.932 7.37 4.89 
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The absorption spectra in the range of 250–500 nm of the drawn HDPE containing 2 wt% 

of BZT for parallel and perpendicular linearly polarized light are plotted in the Figure 2.13. 

The results show that the dichroic ratio of the drawn samples is low which indicates that the 

BZT in the drawn films is little oriented and non-birefringent. The drawn samples exhibit 

birefringence, mainly originating from the orientation of the HDPE.
13 
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Figure 2.13 Polarized absorption spectra in the range of 250-500 nm of drawn HDPE films 

(2 wt% of BZT; λ=10; Td=80 
o
C) as function of the angle (θ) between the drawing direction 

and the polarization direction of the incident light. 

Table 2.2 Density (ρ), melting point (Tm) and refractive index (n) of specific additives 

investigated in this study. 

 

BZT FX 5911 paraffin oil cinnamon oil polystyrene oil PEwax 

ρ (g/cm
3

) 1.17 1.90- 1.96 0.85 1.03 1.06 0.94 

Tm (
o

C) 
84 115 - - - 80 

n (-) 1.575 1.36 1.473 1.533 1.576 1.527 

Light scattering of the non-drawn polyethylene is probably spherulitic in origin and the 

corresponding spherulites are deformed upon drawing at very low draw ratios (<3).
9
 In this 

study, the drawn polyethylene films have much higher draw ratios (>7) and consequently 

the spherulites are not present anymore in the drawn samples. Therefore, several additional 

experiments were performed in order to explore the underlying mechanism behind the 

enhanced transparency of drawn HDPE films upon addition of BZT additives at a moderate 
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draw ratio. A limited series of solid- and liquid- additives were selected with different 

chemical and physical characteristics which are listed in Table 2.2.  
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Figure 2.14 Transmittance of drawn HDPE films (λ=10) without ( ) and with 2 wt% of ( ) 

FX 5911, ( ) paraffin oil, ( ) PEwax, ( ) cinnamon oil, ( ) polystyrene oil and ( ) BZT. 

The transmittance of glass ( ) is shown as a reference and the drawn film thickness is 

around 160 μm. 

Transmission measurements of the drawn HDPE films are shown in Figure 2.14. A general 

trend can be observed i.e. additives with a high refractive index tend to improve 

transparency and this in contrast to additives with a low refractive index. Moreover, other 

physical characteristics of these additives such as density, melting temperature or 

compatibility with polyethylene matrix hardly seem to matter.  

2.4 Discussion 

The solid-state drawing behavior of melt-crystallized linear polyethylene has been 

investigated extensively in the past.
14-16

 In general, it is observed that chain folded lamellae 

tend to breakup in the initial stages of drawing and tilt with their c-axis in the drawing 

direction. In the course of further drawing, the lamellae unfold and additional orientation as 

well as chain extension along the drawing direction is generated, which accounts for the 

drastic improvement in Young’s modulus and tensile strength. Despite this, defect 

structures originating from, for instance, impurities, oriented amorphous regions and 

longitudinal or perpendicular voids
17 

are still inevitably present in the drawn HDPE 

although often in very small quantities. Generally speaking, theses defect structures are 

expected to possess a relatively low refractive index compared to that of the crystalline 

elements, resulting in a refractive index mismatch between them and, as a consequence, the 

optical transparency of the drawn PE is low. Therefore, it seems reasonable to assume that 

additives are at least partially incorporated in these defect regions which decreases the 

refractive index mismatch and improves the optical transparency of the drawn HDPE films. 
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This is already well demonstrated by our experiments that incorporation of specific 

additives with a high refractive index (n), e.g. BZT (n=1.575), polystyrene oil (n=1.576), 

cinnamon oil (n=1.533) and PEwax (n=1.527), close to the extraordinary refractive index (ne) 

of an orthorhombic polyethylene crystal (ne=1.57),
19

 can drastically improve the optical 

transmittance in the drawn HDPE at an additive content above 1 wt% and this in contrast to 

low refractive index additives like paraffin oil (n=1.473) or FX-5911 (n=1.36). In addition, 

it has to be mentioned that in the case of drawn HDPE films close to the maximum draw 

ratio, extensive defects are formed due to longitudinal separation of fibrils and 

perpendicular cracks (see Figure 2.9) which also was reported in the past.
17,18

 The 

extensive light scattering from these structures causes the significant reduction of optical 

transmittance of the drawn films and the presence of high refractive index additives cannot 

efficiently improve the transmittance in the visible light wavelength, even at an additive 

content of 5 wt%. 

A few critical remarks are appropriate with respect to the experimental results presented 

above and their interpretation. First, the proposed mechanism for generating a high 

transparency in melt-crystallized, drawn HDPE films with high refractive index additives 

might appear rather speculative. The bulk morphology, long-range periodicity as well as the 

molecular mobility of the drawn HDPE prior to and after addition of additives was 

therefore further investigated and the experimental results will be presented in the next 

chapter. Secondly, the above-described study was performed on a single melt-crystallized 

linear high density polyethylene with a comparatively low molecular weight (Mw=134 

kg/mol, Ɖ=Mw/Mn=3.6). Nowadays, linear polyethylene with an enormous range in 

molecular weight, molecular weight distribution and co-monomer content are available, 

which opens a wide range of opportunities to further explore the phenomena described 

here. In a special case, the high density polyethylene wax (PEwax) acts like an additive 

which also significantly improves transparency of the drawn, melt-crystallized HDPE. 

More importantly, the PEwax is also highly oriented in the drawn polyethylene along the 

drawing direction, which will be discussed extensively in chapter 5. 

2.5 Conclusions 

Drawn high-density polyethylene (HDPE) films with a high optical transmittance (>90%) 

in the visible wavelength range and a glass-like appearance are successfully prepared by 

incorporating small amounts of specific additives with a high refractive index into the 

polymer prior to tensile drawing. It is argued that the observed phenomena originate from 

an improved refractive index matching between the crystalline and non-crystalline regions 

in the drawn HDPE films after addition of high refractive index additives. The rheological 

properties, drawing behavior and the corresponding physical and mechanical properties are 

also preserved, especially their high modulus and high strength, which make these films 

potentially useful in a variety of applications such as high-impact windows. 
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Chapter 3 

Improving the Transparency of Drawn, Melt-Crystallized 

Linear Polyethylene: The Influence of Molecular Weight  

 

Solid-state drawn linear polyethylene with an Mw between 80 and 1,070 kg/mol and a 

similar polydispersity (Ɖ=3-6) are investigated with an emphasis on the influence of Mw on 

the visible-light transparency and mechanical properties. At an Mw below 150 kg/mol, the 

transparency of drawn, melt-crystallized polyethylene is rather poor due to the presence of 

interfibrillar micro-voids and the transparency can be improved by the addition of specific 

high refractive index additives prior to drawing. Drawn melt-crystallized linear 

polyethylene with an Mw of approximately 408 kg/mol are always transparent even without 

additives and films with a comparatively high tensile strength (~1 GPa) are obtained. At an 

Mw above 710 kg/mol, drawn melt-crystallized polyethylene exhibit a poor transparency 

due to the presence of grain boundaries. These grain boundaries can be removed using 

appropriate dissolution and recrystallization procedures prior to drawing after which a high 

transparency is obtained.  

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is partially reproduced from: a) L. Shen, J. Severn, C. W. M. Bastiaansen. To 

be submitted. and b) C. W. M. Bastiaansen, J. Severn, L, Shen. Transparent Drawn Article, 

Filing date: 27 September 2016. 
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3.1 Introduction 

In chapter 2, a facile procedure has been developed to improve the visible-light 

transparency of the drawn, melt-crystallized linear polyethylene with an Mw=134 kg/mol 

and a Ɖ=3.6. The results indicate that the transmittance of the drawn, melt-crystallized 

linear polyethylene at 550 nm significantly increases from ~50% to ~90% by incorporation 

of an appropriate amount of high refractive index additives like the UV absorber 2-(2H-

benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) prior to drawing.
 
 

In this chapter, the visible-light transparency of solid-state drawn melt-crystallized linear 

polyethylene films is systematically investigated with an emphasis on the influence of 

weight-average molecular weight (Mw) at a similar polydispersity. For this purpose, a series 

of monomodal polyethylene were selected with an Mw between 80 and 1,070 kg/mol and a 

Ɖ=3-6. A special emphasis is devoted to generating transparent, drawn, melt-crystallized 

linear polyethylene with a high tensile strength. Generally, the strength increases with 

increasing the molecular weight, especially the Mn, which has been discussed in the chapter 

1.  

3.2 Experimental 

3.2.1 Materials  

A series of monomodal linear polyethylene were selected and their material characteristics 

are listed in Table 3.1. Polymers 1-3 were obtained from SABIC (0863F), INEOS Olefins 

& Polymers Europe (EltexA4009MFN1325), and Borealis AG (VS4580), respectively. 

Polymers 4-6 were obtained from DSM Ahead B.V. in the Netherlands. All polymers were 

used as received. The material parameters of the pristine polyethylene were determined by 

high-temperature size exclusion chromatography (HT-SEC; PL-XT-200) at 160 °C using 

1,2,4-trichlorobenzene (TCB) as a solvent. All polymers were dissolved in TCB at 160 °C 

for 3 hours prior to analyses. 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) was 

purchased from BASF (Germany).  
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Table 3.1 Material characteristics of the linear polyethylenes studied including their 

appearance, weight- (Mw) and number-average (Mn) molecular weight, polydispersity (Ɖ), 

melting point (Tm) and crystallinity (Xc).  

polymer appearance 
Mw 

(kg/mol) 

Mn 

(kg/mol) 

Ɖ 

(-) 

Tm 

(
o
C) 

Xc 

(%) 

1 granule 80 27 3.2 132.4 75.1 

2 granule 140 30 4.7 133.6 70.6 

3 granule 134 37 3.6 134.0 70.7 

4 powder 408 80 5.1 132.6 61.5 

5 powder 710 150 4.6 132.9 57.3 

6 powder 1,070 181 5.9 131.8 54.2 

 

3.2.2 Material preparation  

Polymers 1-4 containing 2.0 wt% of BZT, relative to the polymer, were produced in a co-

rotating twin-screw extruder at 160 
o
C with a residence time of 5-10 minutes. Extrudates 

were cooled down in air to room temperature and were pelletized into granules. In the case 

of polymers 5 and 6, mixing with the BZT in the extruder was difficult due to their high 

melt viscosity. Therefore, 2.0 wt% of BZT, again relative to the polymer, was first 

dissolved in xylene at room temperature, followed by dispersion of the nascent 

polyethylene powder into xylene at room temperature. The xylene was evaporated in air 

and polymers 5 and 6 containing 2.0 wt% of BZT were obtained. Isotropic melt-crystallized 

polyethylene sheets with a thickness of approximately 300 μm were produced by 

compression molding at respectively 160 
o
C (polymers 1-4) and 200 

o
C (polymers 5-6) for 

5-10 minutes, followed by quenching to room temperature. In addition, films of polymer 6 

were prepared by dissolution in xylene at 120 
o
C followed by casting using procedures 

described in the literature.
1,2 

A suspension of 4% w/v polymer 6 (Mw=1,070 kg/mol) in 

xylene with 0.5 wt% (based on the polymer) antioxidant (Irganox 1010, obtained from Ciba 

Specialty Chemicals NV.) was degassed in vacuum at room temperature. Subsequently, the 

suspension was heated at 120 
o
C under stirring and stirring was stopped when the 

Weissenberg effect appeared. The system was heated at 120 
o
C for approximately 1-2 hours 

and a clear solution was obtained. The solution was cast into an aluminum tray and xylene 

was evaporated at room temperature for at least one week. Isotropic melt-crystallized 
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polymer 6 sheets with a thickness of approximately 300 μm were produced by compression 

molding at 200 
o
C for 10 minutes, followed by quenching to room temperature. 

3.2.3 Solid-state drawing  

Dumbbell-like samples with gauge dimensions 122 mm
2
 and a thickness of 1.0 mm were 

cut from the compression-molded sheets and these samples were drawn with an Instron 

tensile tester equipped with a temperature-controllable oven at a crosshead speed of 100 

mm/min. The maximum attainable draw ratio was determined as a function of drawing 

temperature to find optimum drawing conditions. An optimized drawing temperature, based 

on the maximum attainable draw ratio (λmax), was found of 60 
o
C for polymer 1, 80 

o
C for 

polymers 2 and 3, 100 
o
C for polymer 4 and 120 

o
C for polymers 5 and 6, respectively. The 

draw ratio (λ) was determined by measuring the displacement between ink marks which 

were placed on the polymers at regular intervals (2 mm) before drawing. 

3.2.4 Mechanical properties 

The room-temperature Young’s modulus of the drawn melt-crystallized polyethylene was 

determined by testing samples with a length of 20-50 mm in an Instron tensile tester at a 

crosshead speed of 100 mm/min. The Young’s moduli were calculated from the tangent of 

the engineering stress-strain curve at a strain of 0.1%. A special procedure was adopted to 

measure the room-temperature tensile strength of the drawn samples. In order to avoid 

clamp failure, dumbbell-like samples were drawn and the drawn samples with the two ends 

still attached were used to measure the room temperature strength. Although the overall 

strain at the failure was high and inaccurate, clamp failure was efficiently avoided and the 

tensile strength of drawn samples was obtained. In all cases, at least three drawn films were 

measured and mean values of the Young’s modulus and the tensile strength and the 

corresponding standard deviation were calculated.  

3.2.5 Characterizations 

Differential scanning calorimetry (DSC) was performed using a DSC Q1000 instrument. 

Polymers with a total mass of 2-3 mg were placed in aluminum pans and two heat-cool 

cycles were used at a constant heating and cooling rate of 10 
o
C/min., under a nitrogen flow. 

The melting temperature (Tm) and the heat of fusion (ΔHm) were obtained using the second 

heating scan in order to eliminate the thermal history of the polymers. The degree of 

crystallinity (Xc) of the polymers was determined using Xc=ΔHm/ΔH
o

m, where ΔH
o

m is the 

heat of fusion of perfect polyethylene crystals (ΔH
o

m=293 J/g).
3
 Transmittance spectra were 

measured in the wavelength range of 400-700 nm on a Shimadzu (Japan) UV-3102 PC 

spectrophotometer at an 1 nm interval. The sample-to-detector distance is 15 cm. In order 

to reduce surface scattering, a few drops of paraffin oil were coated on the surface of the 

drawn polyethylene films. The morphological properties of drawn polyethylene films were 

characterized using a Leica CTR 6000 microscope without polarizers. Prior to the 

investigations, the drawn films were coated with paraffin oil and were sandwiched between 
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two glass slides. To investigate the morphology of isotropic melt-crystallized polymer 6, 

the polymer was first precisely cut at -120 
o
C into thin slices of an uniform thickness of 6 

μm using a cryo-microtome (Reichert-Jung Ultracut E). A few drops of paraffin oil were 

also coated on the surface of the slices and the slices were placed between two glass slides. 

The slices were subsequently observed in a Zeiss LM 2 Axioplan Microscope equipped 

with a Zeiss Axiocam camera.  

Small-angle light scattering (SALS) patterns were recorded using a 15 mW He-Ne gas laser 

as a light source in the scattering vector (q) range between 0.2 and 5 μm
-1

. The directions of 

the polarizer and the analyzer were set vertical (VV patterns). The drawing direction of 

films was always perpendicular to polarizers. The distance between the film and the 

recording screen was fixed at 15 cm. Small-angle X-ray scattering (SAXS) was performed 

on a Ganesha lab instrument equipped with a Genix-Cu ultra-low divergence source 

producing X-ray photons with a wavelength (λ) of 1.54 Å and a flux of 110
8
 

photons/second. The beam center and scattering vector (q) range were calibrated using 

diffraction peaks of silver behenate. Diffraction patterns were collected on a Pilatus 300K 

silicon pixel detector with 487619 pixels of 172 µm
2
 placed at a sample-to-detector 

distance of 1491 mm. The detector consists of three plates with a 17 pixels spacing in 

between, resulting in two dark bands on the images. The scattering intensity (I) was plotted 

as a function of the scattering vector (q=4π ∙ sinθ/λ, where 2θ is the scattering angle and λ is 

the wavelength).   

3.3 Results 

In accordance with previous studies, it was found that the crystallinity of the non-drawn, 

melt-crystallized linear polyethylene gradually decreases with increasing molecular weight 

(Table 3.1).
4,5

 Solid-state drawing of melt-crystallized polyethylene was performed at 

optimized drawing temperature which tends to increase with increasing molecular weight 

(see experimental details).
6,7

 It was previously found that (micro-) cracks, mainly elongated 

perpendicular to drawing direction, are observed in the drawn polyethylene at high draw 

ratios.
2
 In a tensile drawing procedure, these micro-cracks do not necessarily result in an 

immediately macroscopic failure. On the other hand, the tensile strength of drawn 

polyethylene often levels off or decreases at these high draw ratios which already indicates 

that polymer failure is immanent. Therefore, we defined a maximum attainable draw ratio 

(λmax, trans) (Table 3.2) below which these (micro-) cracks are not yet observed in the drawn 

films. 

The Young’s modulus of drawn melt-crystallized polyethylene at room temperature 

increases monotonically with increasing draw ratio, independent of the material parameters  

(Figure 3.1A), which is consistent with previously reported results.
8
 More importantly, 

their tensile strength increases both with increasing Young’s modulus and with increasing 

Mn and/or Mw at an identical Young’s modulus (or draw ratio) (Figure 3.1B).
9
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Table 3.2 Mechanical properties of transparent drawn polyethylene
a
 

polymers 

polymers without BZT polymers with 2 wt% BZT 

λ
max, trans

 

(-) 

E 

(GPa) 

t 

(GPa) 

λ
max, trans

 

(-) 

E 

(GPa) 

t 

(GPa) 

1 - - - 20 19.6±4.2 0.54±0.08 

2 - - - 20 22.1±3.8 0.76±0.01 

3 - - - 20 18.2±2.5 0.64±0.02 

4 15 16.9±2.2 0.96±0.05 15 16.7±2.6 0.96±0.05 

5
a 

12 11.0±0.9 0.90±0.06 12 9.0±1.1 0.98±0.03 

6
a 

8 6.2±0.5 1.01±0.06 8 5.9±0.4 0.97±0.01 

a
A dissolution procedure was adopted to remove grain boundaries as described in the 

experimental section.
  

Figure 3.1 (A) Young’s modulus (E) versus draw ratio (λ) and (B) tensile strength (t) 

versus Young’s modulus (E) of drawn polyethylene: ( ) polymer 1, ( ) polymer 2, ( ) 

polymer 3, ( ) polymer 4, ( ) polymer 5 and ( ) polymer 6, respectively. Lines are guides 

for the eye only. 

The visible-light transparency of drawn melt-crystallized polyethylene at an identical draw 

ratio (λ=10) is shown in Figure 3.2 for polymers 1-5. In the case of polymer 6 a lower draw 

ratio (λ=6) was used because the maximum attainable draw ratio is very low for this 

polymer (Table 3.2). The results in Figure 3.2 indicate that the visible-light transparency 

of drawn melt-crystallized pure polyethylene films without additives is highly dependent on 
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the material characteristics. The drawn melt-crystallized polymers 1-3 films with a 

relatively low Mw (between 80 and 140 kg/mol) transmit 58%, 56% and 15% of visible 

light at 550 nm, respectively. In these measurements, a sample-to-detector distance of 15 

cm was used to measure the visible light transparency in the far field. In the case of 

polymer 4 (Mw~408 kg/mol), the drawn melt-crystallized films exhibit a visible-light 

transmittance which is higher than 90%. For polymers 5 and 6, the drawn melt-crystallized 

films appear somewhat translucent, possessing a visible-light transmittance of ~80% and 

~70% at 550 nm, respectively.  

 

 

 

 

 

 

Figure 3.2 Visible-light transmittance of drawn polyethylene films: ( ) polymer 1, ( ) 

polymer 2, ( ) polymer 3, ( ) polymer 4, ( ) polymer 5 and ( ) polymer 6, respectively. 

Film thickness is around 100 μm for polymers 1-5 (λ=10) and 140 μm for polymer 6 (λ=6).  

 

Figure 3.3 SALS patterns of drawn polyethylene films: (A) glass, (B) polymer 1, (C) 

polymer 2, (D) polymer 3, (E) polymer 4, (F) polymer 5 and (G) polymer 6. Film thickness 

is around 100 μm for polymers 1-5 (λ=10), 140 μm for polymer 6 (λ=6) and the arrow 

indicates the drawing direction of the film.  

Small-angle light scattering (SALS) was subsequently performed for the drawn melt-

crystallized polyethylene films in the scattering vector (q) range between 0.2 and 5 μm
-1

 

which allows for the detection of micro-voids with dimensions between 0.8-20 μm.
10,11

 A 

schematic representation of the SALS measurements is presented in Figure 2.8A. Again, a 

large film-to-detector distance is used to measure light scattering in the far field (see 

experimental section). It is obvious that excessive light scattering occurs perpendicular to 

drawing direction for the non-transparent drawn films (Figure 3.3) and this becomes more 

apparent in the case of drawn films possessing a low transparency. For drawn films of 
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polymer 4 with a high visible-light transparency, light scattering is almost negligible 

(Figure 3.3E). Drawn melt-crystallized films of polymers 5 and 6 with a comparatively 

high molecular weight also exhibit light scattering (Figure 3.3F and 3.3G) although less 

apparent than polymers 1-3.  

In the chapter 2,
 
we demonstrated that specific additives with a relatively high refractive 

index (n) such as 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) (n=1.575), can be 

utilized to improve visible-light transparency of drawn melt-crystallized polyethylene 

(Mw=134 kg/mol; Ɖ=3.6) and this in contrast to additives with a low refractive index. For 

simplification, an identical content of BZT (2 wt%) was incorporated into a series of 

polyethylene prior to drawing (see experimental section). In the case of polymers 1-3, the 

BZT has a positive effect on the visible-light transparency of the drawn melt-crystallized 

films. The transmittance at 550 nm significantly increases to 83% (polymer 1), 80% 

(polymer 2) and 89% (polymer 3) (Figure 3.4) after addition of BZT.  

 

 

 

 

 

 

Figure 3.4 Visible-light transmittance of drawn polyethylene films containing 2 wt% of 

BZT: ( ) polymer 1, ( ) polymer 2, ( ) polymer 3, ( ) polymer 4, ( ) polymer 5 and ( ) 

polymer 6, respectively. Film thickness is approximately 100 μm for polymers 1-5 (λ=10) 

and 140 μm for polymer 6 (λ=6).  

 

Figure 3.5 SALS patterns of drawn polyethylene films containing 2 wt% of BZT: (A) glass, 

(B) polymer 1, (C) polymer 2, (D) polymer 3, (E) polymer 4, (F) polymer 5 and (G) 

polymer 6. Film thickness is around 100 μm for polymers 1-5 (λ=10), 140 μm for polymer 

6 (λ=6) and the arrow indicates the drawing direction of the film.  

The SALS patterns in Figure 3.5B-D show that the light scattering perpendicular to 

drawing direction is efficiently reduced by incorporating 2 wt% of BZT prior to drawing. It 
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should be mentioned that the visible-light transmittance of drawn melt-crystallized 

polyethylene highly depends on the initial BZT content. For instance, in the case of drawn 

polymer 3, the light scattering is completely eliminated and the transparent drawn melt-

crystallized films are produced (Figure 3.5D). For polymer 1 (Figure 3.5B) and polymer 2 

(Figure 3.5C), however, some light scattering is still present, indicating that the BZT 

concentration should be further optimized to achieve a high transparency. In the case of 

polyethylene with a high Mw (polymers 4-6), the effect of BZT effect is negligible. This is 

to be expected for polymer 4 with an Mw of 408 kg/mol because the drawn films are 

already highly transparent even without BZT. The BZT also does not enhance the 

transparency of drawn melt-crystallized polymers 5 and 6 with a high molecular weight and 

this will be discussed more extensively later in this chapter.  

 

Figure 3.6 1-D SAXS profiles of drawn melt-crystallized films of polymer 3 (λ=10). Insets 

are the corresponding SAXS 2-D patterns and the arrows inset indicate the drawing 

direction. 

Usually, the voids at a length scale of the visible-light wavelength, i.e., some hundreds of 

nanometers scatter visible light, which leads to a poor transparency. Despite the fact that 

the tens of nanometers sized voids are not responsible for visible light scattering, these 

nano-sized voids might aggregate and/or propagate and consequently form the micro-

voids.
12,13

 Therefore, small-angle X-ray scattering (SAXS) was performed in a scattering 

vector q range between 0.006 and 0.2 Å
-1

, which allows the detection of nano-sized voids 

with dimensions less than 100 nm.
3
 Indeed, a strong streak-like scattering in the meridian 

perpendicular to the drawing direction (Figure 3.6) is observed for the drawn polymer 3 

film without BZT, indicating the existence of nano-sized voids predominantly elongated 

along the drawing direction with dimensions below 100 nm due to a large electron density 

contrast between the voids and the polymers. In contrast, incorporation of 2 wt% of BZT 

into the polymer 3 prior to drawing significantly decrease the streak-like scattering intensity 

at low q values after drawing. In chapter 2, it was found that the BZT hardly interacts with 

the crystalline regions and is largely concentrated in the non-crystalline regions of drawn 

polyethylenes.
 
The BZT thus might be primarily located in the void regions which reduces 

the streak scattering intensity at low q values (Figure 3.6).  
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Figure 3.7 2-D SAXS patterns of drawn melt-crystallized polyethylene films: (A) polymer 

4 (λ=10), (B) polymer 5 (λ=10) and (C) polymer 6 (λ=6). The arrows indicate the drawing 

direction. 

In the case of drawn melt-crystallized high molecular weight polyethylene (polymers 4-6), 

the aforementioned streak-like scattering in the meridian perpendicular to the drawing 

direction is absent in the SAXS patterns (Figure 3.7A-C), suggesting the absence of the 

nano-sized voids. This probably originates from the high density of tie molecules and/or 

entanglements in high molecular weight polyethylene which prevents the formation of 

interfibrillar nano-voids upon deformation.
14,15

 Therefore, the observed light scattering 

perpendicular to drawing direction for the drawn melt-crystallized films of polymer 5 

(Figure 3.3F and Figure 3.5F) and polymer 6 (Figure 3.3G and Figure 3.5G) is probably 

not mainly attributed to the presence of micro-voids in the films otherwise the nano-sized 

voids should be also detected by SAXS.  

 

 

 

 

 

 

Figure 3.8 Phase contrast images (A, B) and optical microscopy images (C, D) of polymer 

6 either directly melt-crystallized from nascent powders (A, C) or melt-crystallized from 

cast film using dissolution and recrystallization procedures (B, D) prior to (λ=1) and after 

drawing (λ=6). Scale bar is 200 μm.  

At first sight, the occurrence of light scattering in the drawn films of polymers 5 and 6 

seems somewhat surprising because the drawn polymer 4 is already highly transparent even 

without additives. The structures of these high molecular weight melt-crystallized 

polyethylene prior to and after drawing were, therefore, investigated further using polymer 

6 as an example. The phase contrast image in Figure 3.8A shows the existence of grain 

boundaries in the non-drawn polymer 6 directly melt-processed from the nascent powders, 

which has been extensively reported in the literature.
16,17

 These grain boundaries mainly 

result from a poor inter-particle diffusion between polyethylene powder particles due to the 
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high melt-viscosity. These grain boundaries persist upon solid state drawing (Figure 3.8C). 

It is assumed that these deformed grain boundaries result in visible-light scattering and 

cause the relatively low visible-light transmittance of the drawn films.  
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Figure 3.9 Visible-light transmittance of drawn films of polymer 6 either directly melt-

crystallized from nascent powders or melt-crystallized from cast film using dissolution and 

recrystallization procedures. Film thickness is around 140 μm. 

As a reference experiment, melt-crystallized drawn films were also produced for polymer 6 

after removing grain boundaries using dissolution and recrystallization procedures (see 

experimental section) adopted from the literature.
18,19

 The phase contrast image in Figure 

3.8B shows that the grain boundaries are indeed removed. Moreover, the optical 

microscopy image in Figure 3.8D indicates that there are very few defect structures in the 

drawn films. As expected, the elimination of grain boundaries leads to a dramatic 

improvement in the visible-light transmittance (Figure 3.9). 

The maximum attainable Young’s modulus and tensile strength of transparent and solid 

state drawn films are also listed in Table 3.2. It is shown that the drawn and transparent 

films with a low molecular weight possess a comparatively low tensile strength (0.55-0.75 

GPa). The drawn polymer 4 with a moderate Mw=408 kg/mol is transparent without using 

BZT or dissolution procedures. The maximum draw ratio (λmax,trans) is ~15 which 

corresponds to a Young’s modulus of 16.9±2.2 GPa and a tensile strength of 0.96±0.05 

GPa. On the other hand, the drawn polyethylene with an Mw far above 408 kg/mol exhibit a 

high transparency and a high tensile strength (~1.0 GPa) after specific procedures are 

adopted to remove grain boundaries prior to drawing.  

3.4 Discussion 

The results in this study illustrate that the visible-light transparency of drawn melt-

crystallized polyethylene is mainly related to visible light scattering in their interior which 

has a variety of origins, dependent on their weight-average molecular weight (Mw). At a 

low Mw<140 kg/mol, the poor transparency results from micro-voids which induce light 

scattering which can be overcome by incorporating high refractive index additives (e.g. 
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BZT) into the polymers prior to drawing, as illustrated schematically in Figure 3.10A. 

However, the tensile strength of these drawn films is relatively low which is due to their 

relatively low molecular weight (Table 3.2).  

 

Figure 3.10 Schematic representation of microstructures of (A) drawn melt-crystallized 

polyethylene possessing an Mw<140 kg/mol with and without additives (BZT) and (B) 

drawn melt-crystallized polyethylene with an Mw>400 kg/mol. The actual crystallinity, 

content of folded-chain lamellae and extended-chain molecules is highly dependent on, for 

instance, the draw ratio. 

The drawn melt-crystallized polyethylene possessing an Mw above 400 kg/mol (Figure 

3.10B) has a high transparency both with and without BZT. In this specific case, the drawn 

melt-crystallized polyethylene films possess a high tensile strength (~1.0 GPa) which is 

roughly twice as high as that of the drawn melt-crystallized polyethylene with a low 

Mw<140 kg/mol at an identical Young’s modulus. This high tensile strength is considered 

to be advantageous in applications where a high-impact resistance is beneficial. Of course, 

the high Mw of this grade of polyethylene is expected to be a limitation in conventional cast 

film extrusion processes due to the high melt viscosity.
20

 Probably, more exotic processing 

operations need to be used to make films like calendering or double-belt type continuous 

compression-molding operations in combination with drawing.
21

 At an Mw>700 kg/mol, 

dissolution and re-crystallization procedures are required prior to drawing to remove grain 

boundaries and to generate a high transparency. These dissolution and recrystallization 

procedures complicate processing of these films further which also might be a limitation in 

practical situations. 

3.5 Conclusions 

This study demonstrates that the visible-light transparency of drawn melt-crystallized 

polyethylene films is highly dependent on the weight-average molecular weight (Mw). At a 

typical Mw <140 kg/mol, transparent drawn melt-crystallized polyethylene are only 

produced by incorporation of high refractive index additives prior to drawing. In the case of 
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drawn melt-crystallized polyethylene with a high Mw (~408 kg/mol), the films are 

transparent even without any additives. At an even higher Mw (>700 kg/mol), transparent 

drawn melt-crystallized polyethylene can be obtained, for instance, by dissolution and 

subsequently re-crystallization procedures prior to drawing.  
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Chapter 4 

Improving the Transparency of Drawn, Melt-Crystallized 

Linear Polyethylene: The Influence of Molecular Weight 

Distribution  

 

A series of drawn melt-crystallized linear polyethylene with different molecular weight 

distributions (Ɖ) ranging from 2 to 25 were investigated with respect to the visible-light 

transparency. The results indicate that the molecular weight distribution of the linear 

polyethylene significantly influences the visible-light transparency of drawn melt-

crystallized polyethylene. At a wide distribution, drawn melt-crystallized polyethylene 

films are transparent and glass-like, this in contrast to the polyethylene with a narrow 

distribution. A mechanism behind the observed results is proposed based on DSC analysis, 

small- (SAXS) and wide-angle X-ray scattering (WAXS) and small-angle light scattering 

(SALS) experiments. A correlation between the molecular characteristics, especially the 

molecular weight distribution, and the visible-light transparency of the drawn melt-

crystallized linear polyethylene is proposed.  

 

  

 

 

 

 

 

 

 

 

 

 

This chapter is partially reproduced from: L. Shen, J. Severn, C. W. M. Bastiaansen, 

Macromol. Mater. Eng. 2017, doi: 10.1002/mame.201700003. 
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4.1 Introduction  

In chapter 2, a procedure is developed to produce highly transparent drawn melt-

crystallized linear polyethylene and subsequently the influence of molecular weight on 

transparency is investigated in chapter 3. Jarecki and Meier
1
 indicated that drawn melt-

crystallized linear polyethylene with a wide molecular weight distribution (Mn=11 kg/mol; 

Ɖ=18.9) are transparent and the ones with a narrow (Mn=22 kg/mol; Ɖ=4.3) are always 

non-transparent. A systematic investigation into the origin of these differences, however, is 

absent and hence elucidating the correlation between the material characteristics and the 

visible-light transparency of the drawn melt-crystallized linear polyethylene is still highly 

desired.  

The main objective of this study is to relate the molecular weight distribution of the drawn, 

melt-crystallized linear polyethylene to the visible-light transparency. For this purpose, a 

series of linear polyethylenes in a molecular weight distribution range between 2 and 25 are 

investigated. The corresponding visible-light transparency of the drawn melt-crystallized 

linear polyethylene is discussed and a mechanism behind the observed results is proposed 

subsequently. Furthermore, the mechanical properties including the room-temperature 

Young’s modulus and the tensile strength of the transparent drawn melt-crystallized linear 

polyethylene are also investigated in view of potential applications. 

4.2 Experimental  

4.2.1 Materials 

Stamylan HD8621 (sample 1) (SABIC, Geleen, The Netherlands), Borealis VS4580 

(sample 2) (Burghausen, Germany) and EXT464 (sample 3) (DSM, Geleen, The 

Netherlands) were investigated as received. The corresponding material characteristics are 

listed in Table 4.1. 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) was purchased 

from BASF (Germany). All materials were used as received. 

Table 4.1 Material characteristics of the linear polyethylene studied 

sample Mn (kg/mol) Mw (kg/mol) Ɖ (-) 

1 9 227 25 

2 37 134 4 

3 80 180 2 

 

Lines  
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4.2.2 Sample preparation and characterization 

The number- (Mn) and weight-average (Mw) molecular weight and its distribution were 

obtained by high-temperature size exclusion chromatography (HT-SEC; PL-XT-200) at 

160 °C. In all cases, 1,2,4-trichlorobenzene (TCB) was selected as the solvent and the 

sample was dissolved in TCB at 160 °C for 3 hours before measurement. 2 wt% of BZT 

relative to the polymer was added into the polyethylene using a twin-screw extruder at 160 
o
C for 5-10 minutes. Isotropic sheets with a thickness of respectively 0.3 and 1.0 mm were 

obtained by compression moulding between two polished copper plates at 160 °C for 5-10 

minutes and were then quenched in water at 20 °C. Dumbbell-like specimens with gauge 

dimensions 122 mm
2
 were cut from the compression-moulded sheets and subsequently 

drawn at optimized temperatures in air using an Instron tensile testing machine equipped 

with a temperature-controlled oven at a crosshead speed of 100 mm/min. The drawing 

temperatures were first optimized in an attempt to achieve the maximum attainable draw 

ratios (λmax), and were 80 °C for sample 2 and 3, and 100 °C for sample 1, respectively. The 

draw ratio (λ) was determined from the displacement of ink marks on the samples initially 

spaced at regular intervals of 2 mm prior to drawing. The Young’s modulus and the tensile 

strength of the drawn melt-crystallized polyethylene were determined in an Instron tensile 

tester at a crosshead speed of 100 mm/min. The Young’s modulus was obtained from the 

tangent of the engineering stress-strain curves at a strain of 0.1%. For the tensile strength 

measurements, the dumbbell-like specimens were first drawn at the optimized temperature 

and the drawn tapes with the two ends were directly applied in the measurements to avoid 

clamp failure. In all cases, at least three specimens were run and the mean values of the 

Young’s modulus together with the tensile strength and the corresponding standard 

deviation were calculated. 

The visible-light transmittance was measured in the range of 400-700 nm using a Shimadzu 

(Japan) UV-3102 PC spectrophotometer at a 1-nm interval, equipped with a MPC-3100 

multipurpose large sample compartment. The drawn melt-crystallized polyethylene films 

were first coated with paraffin oil and then were sandwiched between two glass plates to 

reduce surface scattering. The sample-to-detector distance was 5 cm. Small-angle light 

scattering (SALS) were performed in the scattering vector (q) range between 0.2 and 5 μm
-1

 

using a 15 mW He-Ne gas laser as a light source (λ=6328 Å, JDS Uniphase, USA) at a 

constant intensity. The drawn melt-crystallized polyethylene films were always located 

between two vertically parallel polarizers (VV polarization mode) and the drawing direction 

of the films was set perpendicular to the polarizers. The sample to recording screen distance 

was fixed at 15 cm. Small- (SAXS) and wide-angle (WAXS) X-ray scattering 

measurements were performed on a Ganesha lab instrument equipped with a Genix-Cu 

ultra-low divergence source producing X-ray photons with a wavelength (λ) of 1.54 Å and 

a flux of 110
8
 photons/second. The beam centre and the scattering vector (q) range were 

calibrated using diffraction peaks of silver behenate. The scattering vector (q) is determined 

using q=4π ∙ sinθ/λ, where 2θ is the scattering angle. Diffraction patterns were collected on 
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a Pilatus 300K silicon pixel detector with 487619 pixels of 172 µm
2
 placed at a sample-to-

detector distance of 91 mm (WAXS) and 1491 mm (SAXS). The detector consists of three 

plates with a 17 pixels spacing in between, resulting in two dark bands on the images. 

Azimuthal integration of the obtained diffraction patterns was performed to obtain the 

intensity (I) versus the scattering vector (q). The crystallinity (Xc) was measured by the 

WAXS using the following equation:  

Xc=
I110+1.46I200

I110+0.75Ia+1.46I200

∙100% 

where I110, I200, and Ia are the integral areas of the (110), (200) and the amorphous peak of 

polyethylene, respectively.
2
 The long period (Lp) of the lamella stacking in the undrawn 

samples was calculated from the correlation peak at the maxima (q
max

) of the Lorentz-

corrected intensity profiles, Iq
2
(q), using the Bragg’s equation, Lp=2π/q

max
.
3-5

 An 

estimation for the lamellar thickness (Lc) from the SAXS long period (Lp) was made based 

on the assumption of a two-phase model using the equation Lc=Lp* Xc in which the Xc was 

measured by WAXS.
6
 

4.3 Results  

The material parameters including the molecular weight and the molecular weight 

distribution of the linear polyethylene studied are listed in Table 4.1. Sample 1 possesses a 

comparatively wide molecular weight distribution of 25, this in contrast to sample 3 with a 

distribution of 2, and that of sample 2 is in between. In agreement with previous studies, it 

is found that an increase in the molecular weight results in a decrease of the crystallinity 

(Xc) of the melt-crystallized linear polyethylene.
7
 In this case, sample 3, with a higher Mn 

but with an Mw close to sample 2, has a lower Xc than the latter (Table 4.2) because its 

distribution is shifted as a whole towards higher molecular weights.  

Table 4.2 DSC and X-ray scattering results of the non-drawn polyethylene  

Sample 
Xc (%) 

from DSC 
Xc (%) 

from WAXS 
Lp 

(nm) 
Lc 

(nm) 

1 71.5 65.4 22.4 14.6 

2 70.2 62.5 27.7 17.3 

3 58.4 55.1 31.7 17.5 

 

1-D SAXS intensity distribution of the non-drawn samples are plotted using the Lorenz-

corrected form, i.e. Iq
2
(q) (Figure 4.1) and the corresponding results are summarized in 
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Table 4.2. Both the long period (Lp) and the lamellar thickness (Lc) of the selective samples 

increase with an increasing molecular weight. In sample 1, a second SAXS peak is 

observed at a doubled qmax value of the first peak and this peak become less pronounced 

with a decreasing molecular weight distribution. Two peaks in SAXS profile has been 

previously studied and it was suggested that the second SAXS peak might be attributed to 

either a second periodicity or a second order reflection of the first scattering peak, or both 

of them. If the second SAXS peak only represents a second order reflection of the first 

scattering peak, the widths of these two peaks should be the same.
8 

Therefore, the wide 

second SAXS peak of non-drawn polyethylene in Figure 4.1 indicates the superposition of 

a second periodicity and a distribution of periodicities upon a second order reflection of the 

first SAXS peak.  

 

 

 

 

 

 

 

Figure 4.1 1-D SAXS plots (Lorenz corrected) of the non-drawn polyethylene. 

The drawing behaviour of the samples was further investigated. In all cases, the isotropic 

melt-crystallized polyethylene are drawn at optimized drawing temperature (see 

experimental section) in an attempt to achieve the maximum attainable draw ratio (λmax) 

and hence the maximum attainable mechanical properties. The engineering stress-strain 

curves during drawing at an elevated temperature are plotted in Figure 4.2. All samples 

show a yield point at a relatively low deformation, followed by strain-softening and strain-

hardening at a high deformation. Especially for sample 3, the strain-hardening phenomenon 

is evident, probably due to a higher density of tie molecules and/or entanglements.
9
 The 

engineering stress in the stress-strain curves decreases after reaching a maxima in Figure 

4.3. In the course of drawing in this region, numerous defects like micro-cracks are formed 

predominantly perpendicular to the drawing direction.
2 
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Figure 4.2 The engineering stress-strain curves of the melt-crystallized polyethylene. 

The visible-light transmittance in the range of 400-700 nm of drawn melt-crystallized 

polyethylene films with an identical thickness of 100 μm is plotted in Figure 4.3. For 

sample 1, the drawn melt-crystallized polyethylene films exhibit a glass-like appearance 

and ~ 90% of the visible light is transmitted through the films. The drawn films of sample 2 

and sample 3, however, show a rather poor visible-light transmittance and are non-

transparent. 

 

 

 

 

 

 

 

Figure 4.3 Visible-light transmittance of the drawn melt-crystallized polyethylene films 

(λ=10). The thickness of the films is around 100 μm.  

Previously, it was found that the poor visible-light transparency of drawn melt-crystallized 

linear polyethylene was predominantly attributed to the light scattering in the interior.
2
 The 

SAXS patterns of the non-drawn and drawn melt-crystallized polyethylene are shown in 

Figure 4.4. The original ring-like SAXS patterns (Figure 4.4A-C) are transformed into 

two-point (Figure 4.4D and 4.4E) or cross-like (Figure 4.4F) patterns upon an uniaxial 

drawing at an appropriate temperature. The appearance of two meridional segments located 

on both sides of the beam stop (Figure 4.4D and 4.4E) suggests the existence of highly 

oriented lamellar structures aligned along drawing direction
10

 and the cross patterns 

(Figure 4.4F) may be attributed to the presence of lamellar structures aligned with an 

inclined angle with respect to drawing direction.
11
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Figure 4.4 2-D SAXS patterns of the non-drawn (top) and drawn polyethylene (down) 

(λ=10): (A, D) sample 1, (B, E) sample 2 and (C, F) sample 3, respectively. The arrow 

indicates the drawing direction. 

Furthermore, a strong equatorial scattering streak in the drawn melt-crystallized 

polyethylene films of the sample 2 and sample 3 is observed perpendicular to the drawing 

direction (Figure 4.4E and 4.4F) and the corresponding one-dimensional scattering 

intensity (I) is plotted against the scattering vector (q) in Figure 4.5. In the case of the 

drawn polyethylene films of the sample 1, the equatorial streak is less intense (Figure 4.4D 

and Figure 4.5A). The strong scattering streak along the equator in the SAXS patterns has 

been extensively reported and it is mainly attributed to the formation of the extended nano-

sized interfibrillar voids structures.
6-9

 For the present study, SAXS experiments were 

performed in the q range between 0.006 and 0.2 Å
-1

 and hence allowed the detection of 

nano-voids with a size in the range of 3-100 nm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 1-D SAXS plots of the non-drawn (λ=1) and drawn (λ=10) polyethylene. 
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Small-angle light scattering (SALS) was used due to its high sensitivity to density 

fluctuations.
12

 SALS experiments were performed in the q range between 0.2 and 5 μm
-1

 

and allowed for the detection of micro-voids with dimensions between 0.8-20 μm. It is 

shown that light scattering from drawn melt-crystallized films of the sample 1 (Figure 

4.6B) is small while a lot of light scattering is observed in the drawn melt-crystallized 

sample 2 (Figure 4.6C) and sample 3 (Figure 4.6D). Considering the results from both the 

SAXS and the SALS experiments, it is concluded that there are numerous nano- and micro-

sized void structures in the drawn melt-crystallized films of the sample 2 and sample 3 

while these void structures are almost absent in the drawn melt-crystallized sample 1. 

 

 

 

 

 

 

 

Figure 4.6 SALS patterns of the drawn melt-crystallized polyethylene films (λ=10). (A) 

glass, (B) sample 1, (C) sample 2, and (D) sample 3. The thickness of the films is around 

100 μm. The arrow indicates the drawing direction. 

It was demonstrated that specific additives with a relatively high refractive index (n), 

comparable to the extraordinary n of an orthorhombic polyethylene crystal (n=1.57)
13

, can 

be used to improve the visible-light transparency of the drawn melt-crystallized 

polyethylene. For illustration, 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT), a 

well-known UV absorber with a relatively high refractive index of 1.576, was added to the 

samples prior to drawing. The light scattering from the micro-voids in the drawn melt-

crystallized polyethylene films of the sample 2 and sample 3 is significantly reduced after 

incorporation of 2 wt% of BZT as shown in Figure 4.7C and 4.7D, respectively.  
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Figure 4.7 SALS patterns of the drawn melt-crystallized polyethylene films containing 2 

wt% of BZT (λ=10). (A) glass, (B) sample 1, (C) sample 2, and (D) sample 3. The 

thickness of the films is around 100 μm. The arrow indicates the drawing direction. 

 

 

 

 

 

 

 

Figure 4.8 Visible-light transmittance of the drawn melt-crystallized polyethylene films 

containing 2 wt% of BZT (λ=10). The thickness of the films is around 100 μm. 

As a result, a dramatic improvement in the visible-light transmittance is observed for the 

drawn samples (Figure 4.8) and the corresponding visible-light transmittance at 550 nm 

increases from 40% and 74% to 91% (for sample 2) and 89% (for sample 3), respectively. 

In the case of the drawn melt-crystallized sample 1, incorporation of 2 wt% of BZT, it 

preserves the already high transmittance in the visible light wavelength range. In this study, 

2 wt% of BZT was selected just for illustration and the visible-light transparency of the 

drawn melt-crystallized samples is truly dependent on the additive content according to our 

study in chapter 2. For instance, a slight light scattering is still observed in the drawn melt-

crystallized sample 3 (Figure 4.7D) and its visible-light transmittance in Figure 4.8 is 

somewhat below than that of glass. 
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Figure 4.9 The Young’s modulus (E) versus draw ratio (λ) (A) and the strength (t) versus 

Young’s modulus (E) (B) of the drawn melt-crystallized pure polyethylene (solid symbols) 

and polyethylene containing 2 wt% of BZT (open symbols). The lines are a guide for the 

eye. 

The mechanical properties of the drawn melt-crystallized linear polyethylene were 

investigated. The results in Figure 4.9A show an unique Young’s modulus-draw ratio 

relationship for the drawn melt-crystallized polyethylene, regardless of the material 

characteristics, which is in line with the previous studies.
14

 In the case of the room-

temperature tensile strength of the drawn melt-crystallized polyethylene, it seems that both 

the molecular weight and the molecular weight distribution influence the eventual strength 

of the drawn melt-crystallized polyethylene (Figure 4.9B). More importantly, in all cases, 

incorporation 2 wt% of BZT into polyethylene prior to drawing hardly changes the 

mechanical properties of the drawn melt-crystallized polyethylene.  

4.4 Discussion 

In this study, we focus on relating the molecular weight distribution (Ɖ) to the visible-light 

transparency of the drawn melt-crystallized linear polyethylene. It is found that the visible-

light transparency of the drawn melt-crystallized polyethylene is highly dependent on the 

molecular weight distribution. Specifically, at a distribution below 10, the visible-light 

transparency of drawn melt-crystallized polyethylene is rather poor which is mainly 

attributed to the presence of the void-induced light scattering in the interior. The void 

formation during tensile drawing might be attributed to the disentanglement of interfibrillar 

connections, i.e. entangled amorphous chains and tie molecules. Breaking of these 

connections connecting adjacent microfibrils might create nucleation sites for the 

development of voids.
15

 The void-induced light scattering can be overcome by 

incorporating high refractive index additives (e.g. BZT) into the samples prior to drawing 

and hence highly transparent drawn films with a glass-like appearance can be obtained. It is 

proposed that the additive is largely rejected from the crystalline regions of the drawn melt-

crystallized polyethylene and is primarily concentrated in the void regions, hence reducing 
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the light scattering in the interior and improving the visible-light transparency of the drawn 

melt-crystallized polyethylene. Moreover, the mechanical properties of the drawn melt-

crystallized polyethylene hardly change upon addition of the additives, which is promising 

for the production of the polyethylene with a visible-light transparency and excellent 

mechanical properties including the Young’s modulus and the tensile strength. 

In contrast, it is rather surprising that drawn melt-crystallized polyethylenes with a wide 

distribution are always transparent even without any additives. This sample possesses a 

second population of lamellar structures with an even smaller thickness (Figure 4.1). The 

second population of the lamellar structures originates from the low molecular-weight 

components with short molecular chains and these small molecules and lamellar structures 

might act, at least to some extent, as an additive with a comparably high refractive index, 

functioning like BZT. On the other hand, the molecular weight distribution influences the 

microstructures of melt-crystallized polyethylene. It is therefore argued that a relatively 

broad distribution might favour to avoid the breaking of the aforementioned interfibrillar tie 

molecules and hence the formation of voids during tensile drawing. 

4.5 Conclusions 

In the present study, the correlation between the material characteristics and the visible-

light transparency of drawn melt-crystallized linear polyethylene is explored with an 

emphasis on the molecular weight distribution. The results indicate that the influence of the 

molecular weight distribution on the visible-light transparency of the drawn melt-

crystallized polyethylene is quite pronounced. For the polyethylene with a distribution 

below 10, the drawn films exhibit a rather poor transparency due to the existence of nano- 

and micro-voids. In this specific case, the visible-light transparency can be dramatically 

improved by incorporating an appropriate amount of specific additives prior to drawing. At 

a high polydispersity, for instance above 20, the drawn films are transparent and glass-like 

even without any additives. In fact, the results in chapter 2 indicate that low molecular 

weight polyethylene wax (PEwax) acts as an additive and consequently improves 

transparency of the drawn melt-crystallized high density polyethylene films. Thus, the 

present study clearly relates the visible-light transparency of the drawn melt-crystallized 

polyethylene to the initial molecular characteristic, particularly the molecular weight 

distribution, and consequently gives an alternative way to produce highly transparent 

materials with the desirably excellent mechanical properties for potential applications in, 

for instance, high modulus/high strength transparent materials.  
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Chapter 5 

Drawing Behavior, Mechanical Properties and 

Transparency of Ultra-High Molecular Weight 

Polyethylene Blends with Linear Polyethylene Wax 

 

Ultra-high molecular weight polyethylene (UHMWPE; Mw~10
3 

kg/mol) is blended with a 

low molecular weight, linear polyethylene (PEwax; Mw~1 kg/mol) and the solid state 

drawing behavior, mechanical properties and transparency are explored. The results 

indicate that the low molecular weight polyethylene wax acts as a solvent for the 

UHMWPE which leads to an improvement in rheological properties and the maximum 

attainable draw ratio of the blends. The maximum attainable Young’s modulus of the drawn 

films increases with more than a factor 2 without removal of the solvent. Moreover, it is 

found that the maximum attainable tensile strength of the drawn blends also increases 

significantly from ~1 GPa to ~1.5 GPa upon addition of 60 wt% of the PEwax. Based on 

these results, a new route is proposed for the processing of chain-extended polyethylene, 

which has certain characteristics in common with both melt spinning and solution spinning 

but, in fact, is neither of the two. The drawn, melt-crystallized ultra-high molecular weight 

polyethylene blends possess an improved transparency. 

 

 

 

 

 

 

 

 

 

 

This chapter is partially reproduced from: L. Shen, J. Severn, C. W. M. Bastiaansen. 

Drawing Behavior and Mechanical Properties of Ultra-High Molecular Weight 

Polyethylene Blends with Linear Polyethylene Wax (Submitted). 
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5.1 Introduction 

The solid state drawing of linear polyethylene was investigated extensively in the past with 

an emphasis on generating materials with a high Young’s modulus and a high tensile 

strength. It was shown that the Young’s modulus of solid state drawn, melt crystallized 

linear polyethylene is only dependent on the draw ratio (λ)
1–3

 and that the tensile strength 

increases with increasing number-average molecular weight (Mn) at an identical draw ratio 

or Young’s modulus.
4,5

 Moreover, it was shown that fibers, tapes or films can be produced 

from melt-crystallized polyethylene having a weight average molecular weight (Mw) below 

200 kg/mol with a maximum Young’s modulus and a maximum tensile strength of 

respectively 50-70 GPa and 0.8-1.4 GPa.
4,6–8

 

Ultra-high molecular weight polyethylene (UHMWPE; Mw>10
3 

kg/mol) possesses a high 

melt viscosity and is often considered intractable in conventional melt-spinning and 

injection molding operations.
9
 Moreover, the maximum attainable draw ratio of melt-

crystallized UHMWPE is also low (λ<10) as a result of a high density of  tie molecules and 

physical entanglements.
3
 In the past, solution-processing techniques in combination with 

solid state drawing
10,11

 were developed to generate high modulus and high strength fibers, 

tapes or films based on UHMWPE. It was found that the maximum attainable draw ratio of 

UHMWPE upon the solid state drawing, close to but below the melting temperature, is 

enhanced dramatically even after a complete removal of the solvent from the gels which are 

formed upon crystallization from semi-dilute solutions.
12–14

 With this process, UHMWPE 

fibers are nowadays produced with a maximum Young’s modulus of 100-180 GPa and a 

maximum tensile strength of 3-5 GPa.
15,16

 One of the main drawbacks of this procedure is 

that large amounts of solvents like decahydronaphthalene, paraffin oil or vegetable oil are 

required which need to be extracted and/or recycled which decreases productivity and 

increases cost.
12,17–21

 

Solvent-free routes for manufacturing of solid state drawn UHMWPE were also explored 

extensively in the past.
22–26

 Typically, so-called virgin or nascent UHMWPE powders are 

produced by performing UHMWPE polymerizations at low temperatures and at low 

catalyst activities
23,26 

which is rather expensive. These UHMWPE powders are converted 

into tapes, or films in the solid state below the meting temperature to preserve their 

excellent solid state drawing characteristics.
22,24

 The solid state processing restricts the flow 

of the nascent polymers and complex product geometries like multifilament yarns cannot be 

produced. Moreover, the tensile strength of the commercially produced tapes and films is 

usually rather low (~2-2.5 GPa)
27

 in comparison to solution-spun UHMWPE which further 

limits their usefulness.  

The above-described considerations illustrate that a need persists to improve the balance 

between molecular characteristics, processing, drawing behavior and mechanical properties 

of oriented, chain-extended UHMWPE. Here, the processing, solid state drawing behavior 

and mechanical properties of UHMWPE (Mw~10
3 

kg/mol) blends with a low molecular 
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weight, linear polyethylene (PEwax; Mw~1
 
kg/mol) are explored. The prime objective is to 

improve the mechanical properties of drawn ultra-high molecular weight polyethylene 

without using volatile solvents or non-volatile solvents and extraction procedures.  

5.2 Experimental 

Ultra-high molecular weight linear polyethylene (UHMWPE) with an Mw~10
3
 kg/mol and a 

Ɖ~6 was received from Mitsui Chemicals (Tokyo, Japan) and POLYWAX™ 1000 (PEwax) 

with an Mw~1 kg/mol and a Ɖ~1.2 was purchased from Baker Hughes Incorporated 

(Houston, America). A melt extrusion grade of high density polyethylene was used for 

reference purposes which was purchased from Borealis (VS4580, Burghausen, Germany) 

with an Mw=134 kg/mol and a Ɖ=3.6. All materials were used directly as received. The 

UHMWPE/PEwax blends were produced in a 15 cm
3
 twin-screw micro-extruder (DSM, 

Geleen, The Netherlands) operated at 50 rpm at 180 
o
C for 10 minutes. Blends with a 

weight fraction (φ) of UHMWPE of 0.6, 0.5, 0.4, 0.3, and 0.2 were prepared. The weight 

fraction is calculated based on the initial weight of UHMWPE. 

Isotropic sheets with a thickness of 1.0 mm were prepared by compression-molding the 

polymers between two metal plates at 180 
o
C at a pressure of 100 bar for 5-10 minutes. 

Subsequently, the polymer melt was directly quenched to 20 
o
C. Dumbbell-like specimens 

with gage dimensions 122 mm
2
 were cut from the compression-molded sheets and were 

solid-state drawn in an Instron tensile tester equipped with a temperature-controllable oven 

at a crosshead speed of 100 mm/min at optimized temperatures (see the results section). 

The draw ratio was determined by measuring displacement of ink marks which were placed 

on the specimens at regular intervals of 2 mm prior to solid state drawing.  

The room temperature Young’s modulus and tensile strength of the drawn UHMWPE and 

the drawn blends were measured using an Instron tensile tester at a crosshead speed of 100 

mm/min. The Young’s modulus was estimated from the tangent of the engineering stress–

strain curves at a strain of 0.1%. For the tensile strength measurements, the dumbbell-like 

specimens were first drawn at optimized temperatures (see the results section) and the 

drawn tapes with the two ends were directly applied in the measurements to avoid clamp 

failure. In all cases, at least three specimens were measured and the mean values of the 

Young’s modulus together with the tensile strength and the corresponding standard 

deviation were calculated. 

The material characteristics of pure components and their blends were determined with 

high-temperature size exclusion chromatography (HT-SEC; PL-XT-200) at 160 °C using 

1,2,4-trichlorobenzene (TCB) as solvent. All samples were dissolved in TCB at 160 °C for 

3 hours prior to be analyzed. For non-drawn polymers, differential scanning calorimetry 

(DSC) was performed at a constant heating and cooling rate of 10 
o
C/min under nitrogen 

flow using a DSC Q1000 instrument. Polymers with a total mass of 2-3 mg were placed in 

aluminum pans and the second DSC scans were used to eliminate thermal history effects. 

Wide-angle X-ray scattering (WAXS) was performed on a Ganesha lab instrument 
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equipped with a Genix-Cu ultra-low divergence source producing X-ray photons with a 

wavelength of 1.54 Å and a flux of 110
8
 photons/second. The beam center and scattering 

vector (q) range were calibrated using diffraction peaks of silver behenate. Diffraction 

patterns were collected on a Pilatus 300K silicon pixel detector with 487619 pixels of 172 

µm
2
. The detector consists of three plates with a 17 pixels spacing in between, resulting in 

two dark bands in the images. The rheological properties of the UHMWPE and the blends 

were investigated in a stress-controlled TA Instrument AR-G2 rheometer (USA) using a 25 

mm parallel plate−plate geometry and disk-shape specimens (25 mm in diameter; 1 mm in 

thickness). Frequency sweeps in the range of 500−0.01 rad/s were carried out at a 

temperature of 180 °C in a N2 atmosphere and at a constant strain of 0.5%.  

5.3 Results  

Blends of UHMWPE (Mw~10
3 

kg/mol) and a low molecular weight linear polyethylene 

(PEwax; Mw~1
 
kg/mol) were produced in a co-rotating twin screw extruder at 180 

o
C. The 

material characteristics of the pure components and their blends were measured by HT-SEC 

and the weight- (Mw) and number-average (Mn) molecular weight were subsequently 

compared to the theoretical values based on equation 5.1 and 5.2:
28,29

  

Mw=φMw
UHMWPE+(1-φ)Mw

PEwax                (5.1) 

Mn=[φ/M
n

UHMWPE
+(1-φ)/Mn

PEwax]
-1

         (5.2) 

where Mw
UHMWPEand Mw

PEwax  are respectively the Mw of UHMWPE and PEwax, Mn
UHMWPEand 

Mn
PEwax  are respectively the Mn of UHMWPE and PEwax, and φ is the weight fraction of 

UHMWPE in the blends. 

 

 

 

 

 

 

 

Figure 5.1 (A) The Mw and (B) the Mn of the pure components and their blends as a 

function of UHMWPE weight fraction (φ). Empty symbol: experimental results; dashes 

lines: theoretical estimation based on equation (5.1) and (5.2).  

In Figure 5.1 it is shown that an excellent agreement exists between experimental and 

theoretical values of the Mw and Mn which illustrates that the blends hardly degrade during 

mixing in the melt. It is also shown that the Mn of the blends very rapidly decreases with 
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increasing the PEwax weight fraction (Figure 5.1B) and this is in contrast to the Mw) (Figure 

5.1A which decreases linearly. Of course, this is to be expected in view of the definitions of 

the Mw and the Mn (equation 5.1 and 5.2).  
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Figure 5.2 Complex viscosity η* as a function of frequency (ω) at 180 
o
C for pure 

UHMWPE and the blends containing various weight fractions (φ) of UHMWPE. The 

dashed line represents the η* of a melt extrusion grade of high density polyethylene with 

an Mw=134 kg/mol and a Ɖ=3.6. 

The rheological properties of the pure components and the blends were evaluated to 

investigate their processing behavior. In Figure 5.2, it is shown that the complex viscosity 

at 180 
o
C decreases significantly over the whole frequency range with decreasing 

UHMWPE weight fraction. In fact, the complex viscosity (η*) of most blends resemble 

the characteristics of a typical melt-extrusion grade of high density polyethylene especially 

at high frequencies (Figure 5.2) which illustrates that the blends can potentially be 

processed in conventional melt spinning operations.  

The plateau modulus GN
0  is related to the average molecular weight (Me) between 

entanglements (equation 5.3):
30,31

 

GN
0 =

4

5

ρRT

Me
                (5.3) 

where ρ is the polymer melt density (g/cm
3
), R is the universal gas constant (cm

3
 Pa K

-1
 

mol
-1

) and T is the absolute temperature (K). In a polymer-solvent system, the average 

molecular weight (Me) between entanglements depends on initial polymer weight fraction 

(φ):
32

 

Me=Me
melt/φ               (5.4) 

Here, Me
melt is the molecular weight between entanglements in the pure melt-crystallized  

polymer. Combining equation (5.3) and (5.4) results in a relationship between the GN
0  and φ 

(equation 5.5): 
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GN
0 =

4

5

ρRT

Me
melt  φ               (5.5) 

 

 

 

 

 

 

 

Figure 5.3 (A) Storage modulus (G`) and (B) the loss factor (tan δ) as a function of 

frequency (ω) at 180 
o
C for pure UHMWPE and the blends with an UHMWPE weight 

fraction of ( ) φ=1, ( ) φ=0.6, ( ) φ=0.5, ( ) φ=0.4, ( ) φ=0.3 and ( ) φ=0.2. 

Thus, in a polymer-diluent system, the plateau modulus is expected to be proportional to 

the polymer weight fraction. In the present study, the plateau modulus (GN
0 ) of polymer is 

estimated as the storage modulus (G`) (Figure 5.3A) in the plateau zone at the frequency 

(ω) where the loss factor tan δ was at a minimum (Figure 5.3B).
33,34
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Figure 5.4 Plateau modulus ( GN
0 ) of the UHMWPE/PEwax blends as a function of 

UHMWPE weight fraction (φ) at a temperature of 180 
o
C. 

In Figure 5.4, the plateau modulus GN
0  is plotted as a function of the UHMWPE weight 

fraction (φ). As expected (equation 5.5), a linear correlation between GN
0  and φ is 

experimentally observed. The molecular weight between entanglements (Me
melt) of the melt-

crystallized pure UHMWPE at T=453 K and melt density
35,36 

ρ=0.76 g/cm
3
 is estimated 

from the slope in Figure 5.4 and a value of approximately 1.9 kg/mol is found which is 

close to the Me for polyethylene reported in the literature.
37,38

   

 

10
-2

10
-1

10
0

10
1

10
2

10
3

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
-2

10
-1

10
0

10
1

10
2

10
3

10
1

10
2

10
3

10
4

10
5

 (rad/s)

G
`(

P
a)

A

10
-2

10
-1

10
0

10
1

10
2

10
3

0

1

2

3

4

5

ta
n

 

 (rad/s) 

B



 

73 

 

 

 

 

 

 

 

 

Figure 5.5 (A) DSC scans (second heating curves) of pure components and the 

UHMWPE/PEwax blends and (B) crystallinity as a function of UHMWPE weight fraction 

(φ) calculated from the heat of fusion. Dashed lines are based on the theoretical calculation 

using the additive rule in equation 5.6. 

The solvent effect of the PEwax is further verified by the DSC measurements on the pure 

components and their blends (Figure 5.5A). An obvious melting temperature depression of 

the UHMWPE is observed and this becomes more apparent with increasing PEwax weight 

fraction. Such a melting point depression is usually associated with solvent-effects.
39–41

 The 

overall crystallinity in Figure 5.5B of all the UHMWPE/PEwax blends increases with 

increasing PEwax weight fraction (1-φ), which is attributed to the higher crystallinity of the 

PEwax. The increase of the overall crystallinity (Xc) is in agreement with those calculated 

using the additive rule in equation 5.6:
39

  

Xc=φXc
UHMWPE+(1-φ)Xc

PEwax           (5.6) 

where Xc
UHMWPEand Xc

PEwax  are respectively the crystallinity of UHMWPE and PEwax in the 

blends. Moreover, the crystallinity of the individual components also follows the additive 

rule as shown in Figure 5.5B, which indicates that the crystallinity of UHMWPE 

components in the blends is independent on the PEwax weight fraction, and vice versa. 
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Figure 5.6 Maximum draw ratio (λmax) as a function of drawing temperature (Td) for pure 

UHMWPE and the blends with an UHMWPE weight fraction of ( ) φ=1, ( ) φ=0.6, ( ) 

φ=0.5, ( ) φ=0.4 and ( ) φ=0.3. 

The solid state drawing behavior of melt-crystallized UHMWPE and the blends is highly 

dependent on the drawing temperature (Figure 5.6). An isothermal drawing temperature 

close to or higher than 110 
o
C leads to premature fracture in the necking region of the 

blends. Therefore, solid state drawing of the blends was performed isothermally at a 

temperature of 100 
o
C.  

 

 

 

 

 

 

 

Figure 5.7 (A) Drawing behavior of pure UHMWPE and the UHMWPE/PEwax blends with 

various UHMWPE weight fractions (φ) and (B) maximum achievable draw ratio (λmax) as a 

function of UHMWPE weight fraction (φ) on a double logarithmic scale. The solid red line 

represents the λmax based on a power-law coefficient of -0.5 (see the results section).
 43,44

 

In Figure 5.7A, it is shown that a dramatic reduction in the strain hardening is observed in 

the engineering stress-strain curves at 100 
o
C and this trend becomes more apparent with a 

decreasing weight fraction of UHMWPE (φ). This phenomenon is mainly attributed to the 

presence of the low molecular weight linear polyethylene (PEwax) which reduces the 

entanglement density and the fraction of tie molecules between the UHMWPE lamellae in 

the blends. The λmax of UHMWPE is related to the polymer volume fraction in solution 

as,
38,40
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λmax= λmax
melt φ-α        (5.7) 

In equation 5.7, λmax
melt

 is the maximum draw ratio of melt-crystallized UHMWPE and  is a 

power-law coefficient that has typical values between 0.5 and 0.7 dependent on the type of 

solvent and the crystallization conditions.
21,43,44

 In this particular case, the power-law 

coefficient =0.7 is comparable to the value of solvents like lauric acid, mineral oil and 

stearic acid.
21

 The -value of 0.7 is quite high in comparison to solvents (=0.5) like 

decahydronaphtlane and xylene
43,44

 (red line in Figure 5.7B). In other words, the solvent 

PEwax improves the solid state drawing behavior of the UHMWPE.  

Wide-angle X-ray scattering (WAXS) results are shown in Table 5.1 and illustrate that the 

PEwax hardly changes the dimensions of a and b axes of orthorhombic polyethylene unit cell 

upon drawing.
45

 More importantly, the Herman’s orientation function (fc)
46,47

 of the drawn 

blends remains identical within experimental error even at relatively high weight fractions 

of PEwax which indicates that the PEwax is oriented in the drawing direction. 

Table 5.1 The dimensions of the a and b axes of orthorhombic polyethylene unit cell and 

the Herman’s orientation function  

φ (-) λ (-) a (Å
-1

) b (Å
-1

) fc (-) 

1 
1 7.466 4.977 0 

6 7.496 4.978 0.889 

0.6 
1 7.466 4.978 0 

10 7.538 4.999 0.931 

0.5 
1 7.446 4.962 0 

10 7.528 4.938 0.922 

0.4 
1 7.446 4.962 0 

10 7.528 4.948 0.928 

0.3 
1 7.456 4.969 0 

10 7.486 4.981 0.935 

0 1 7.452 4.948 0 

The Young’s modulus (E) of the drawn blends is plotted in Figure 5.8A as a function of the 

draw ratio (λ). A linear relationship between the Young’s modulus and the draw ratio is 

observed, which is well in line with previous reports.
1–3

 Moreover, the Young’s modulus is 

independent on the PEwax weight fraction and hence on the Mn and Mw of the blends. This 

observation is rather surprising because of the very low molecular weight of the solvent-
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like PEwax which apparently still contributes to the Young’s modulus of the drawn blends. 

At φ=0.4, a maximum attainable Young’s modulus (Emax) of approximately 40 GPa at a 

λmax=22 is obtained which is more than twice as high as the drawn pure UHMWPE (Figure 

5.9A).  

 

 

 

 

 

 

 

 

Figure 5.8 (A) Young’s modulus (E) as a function of draw ratio (λ) and (B) tensile strength 

(t) as a function of Young’s modulus (E). The drawn blends with an UHMWPE weight 

fraction of ( ) φ=1, ( ) φ=0.6, ( ) φ=0.5, ( ) φ=0.4 and ( ) φ=0.3. 

In Figure 5.8B, the tensile strength (t) of the drawn blends is plotted as a function of their 

Young’s modulus (E). A general trend is observed that the tensile strength increases 

although less obvious than in the case of the Young’s modulus.  

Figure 5.9 (A) The maximum attainable Young’s modulus (Emax) and (B) the maximum 

attainable strength (t,max) as a function of the weight fraction of UHMWPE (φ). The lines 

are used only for eye guidance. 

The maximum obtainable strength (t,max) is re-plotted in Figure 5.9B as a function of the 

weight fraction (φ) of UHMWPE in the blends. The experimental results illustrate that an 

optimum exists with respect to UHMWPE weight fraction of φ=0.4 at which the highest 

strength (t,max) is obtained (~1.5 GPa).  
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The Young’s modulus of solid state drawn and chain-extended polyethylene has been 

investigated extensively both from an experimental and theoretical point of view.
1–3,48

 

Usually, it is assumed that the Young’s modulus is uniquely related to the draw ratio and 

independent of the Mw or Mn of polyethylene. In our view, it is rather remarkable that this 

relationship still holds even in the extreme case of UHMWPE blends with a high weight 

fraction of a solvent-like additive like linear PEwax with an Mw of 1 kg/mol.  

The fracture mechanism of chain-extended polyethylene was also explored extensively in 

the past from an experimental and theoretical viewpoint.
49–51

 Normally, it is assumed that 

the tensile strength (σt) scales with the Young’s modulus (E) and with the number average 

molecular weight (Mn) as,
6,49,52–54

  

σt ∝ Mn
p Em  (5.8) 

in which p and m are constants, although, a complete consensus does not exist in the 

scientific literature. The dependence of σt on the Mn is often interpreted in terms of chain 

slip originating from the weak intermolecular interactions in chain-extended 

polyethylene.
42,44
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Figure 5.10 Double logarithmic plot of the tensile strength (σt) as a function of the number 

average molecular weight (Mn) and the Young’s modulus (E) of the chain-extended 

polyethylene. The solid lines represent the theoretical prediction based on equation 5.8 

assuming
6,49,54 

p=0.4 and m=0.7 and the symbols are the experimental results at an 

UHMWPE weight fraction of ( ) φ=1, ( ) φ=0.6, ( ) φ=0.5, ( ) φ=0.4 and ( ) φ=0.3.  

The tensile strength (σt) of the drawn polyethylene blends is re-plotted on a double 

logarithmic scale in Figure 5.10 as a function of the Young’s modulus (E) and the Mn and a 

comparison is made with the previous results based on equation 5.8. A large discrepancy is 

observed between the experimental data and the theoretical estimation which is discussed in 

more detail in the discussion section. In fact, the value for the strength of σt=1.1 GPa at  the 

Young’s modulus of E=17.2 GPa for the drawn melt-crystallized pure UHMWPE with an 
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Mn=180 kg/mol is quite accurately predicted and this in rather sharp contrast to the drawn 

melt-crystallized UHMWPE/PEwax blends.  

 

 

 

 

 

 

Figure 5.11 Visible-light transmittance of the drawn melt-crystallized pure UHMWPE and 

the UHMWPE/PEwax blends at various UHMWPE weight fractions (φ). Film thickness is 

around 140 μm at φ=1 (λ=6) and 100 μm for the others (λ=10). Surface light scattering is 

reduced by coating with oil. 

In Figure 5.11, it is clear that the poor transparency of the drawn melt-crystallized pure 

UHMWPE film is significantly improved and, as a consequence, the transparent drawn 

melt-crystallized UHMWPE blends are obtained. In chapter 3, it was found that the grain 

boundaries exist in the melt-crystallized UHMWPE which mainly results from a poor inter-

particle diffusion between polyethylene powder particles due to the high melt-viscosity. 

These grain boundaries persist upon solid state drawing and these deformed grain 

boundaries result in visible-light scattering and cause the relatively low visible-light 

transmittance. Addition of large amounts of PEwax dramatically reduces the melt-viscosity 

and avoids the formation of grain boundaries in the melt-crystallized UHMWPE and hence 

results in an improved transparency in the blends.  

5.4 Discussion 

In the present study, a low molecular weight PEwax is mixed with UHMWPE and it is 

shown that this wax acts like a solvent which improves the rheological properties of the 

UHMWPE, enhances the solid state drawing behavior and increases the maximum 

attainable draw ratio. In other words, the wax appears to behave very similar to a non-

volatile or volatile solvent in classical solution-spinning of UHMWPE.
12,13,56

 Here, the 

solvent PEwax is not removed prior to or during solid state drawing via evaporation or 

extraction,
12,17–21

 which is very uncommon in solution (gel-) spinning operations. One 

might be tempted to assume that the addition of a high weight fraction of very low 

molecular weight PEwax results in chain-extended polyethylene with rather poor mechanical 

properties. In fact, the opposite is observed i.e. the maximum attainable Young’s modulus 

and tensile strength increase significantly in comparison to the drawn pure UHMWPE. Of 

course, this is partly due to the solvent-like character of the PEwax which increases the 

maximum attainable draw ratio and the maximum attainable Young’s modulus. It is quite 
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remarkable that the tensile strength of the drawn blends is still quite high even with a high 

weight fraction of PEwax in the blends (Figure 5.8B and 5.9B). A large discrepancy is 

observed between the prediction based on equation 5.8 and the experimental data on the 

UHMWPE blends. This discrepancy and the independence of the strength on Mn suggests 

that the fracture mechanism of the drawn blends deviates significantly from a molecular 

chain slip dominated fracture mechanism.
41,43

  

 

 

 

 

 

 

 

Figure 5.12 The molecular weight distribution of pure PEwax, pure UHMWPE and their 

blend with an UHMWPE weight fraction of φ=0.4. The Mw and Mn of the blend are 

indicated. 

 

 

 

 

 

 

 

Figure 5.13 (A) The corrected Young’s modulus (E*) versus draw ratio (λ) at an 

UHMWPE weight fraction of ( ) φ=1, ( ) φ=0.6, ( ) φ=0.5, ( ) φ=0.4 and ( ) φ=0.3. 

Solid symbols: corrected data; open symbols: non-corrected data. The solid line represents 

the theoretical prediction based on the Irvine-Smith model.
58

 (B) The corrected tensile 

strength (t*) versus draw ratio (λ). The region shows the strength of solution-spun and 

ultra-drawn UHMWPE produced by Motooka et al..
19,20

 

A procedure to correct the mechanical properties of isotropic polyethylene for low 

molecular weight fractions was proposed by Tervoort et al.
57

 in which it is assumed that 

polyethylene molecules with a molecular weight below the Me do not effectively contribute 

to the properties, but merely act as a solvent or diluent. The molecular weight distribution 
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of pure PEwax, UHMWPE and a blend with a weight fraction of UHMWPE of 0.4 is shown 

in Figure 5.12. This figure illustrates that the fraction of polyethylene in the pure 

UHMWPE that can be considered as a solvent or diluent is very small. On the other hand, 

the pure PEwax can be considered as almost completely solvent or diluent because its 

molecular weight is below the Me of ~1.9 kg/mol (see previously). 

The corrected Young’s modulus (E*) and the corrected tensile strength (t*) for the chain-

extended UHMWPE blends are shown in Figure 5.13. Both the E* in Figure 5.13A and 

the t* in Figure 5.13B of the drawn blends are a lot higher than the non-corrected data in 

Figure 5.8. In fact, both the E* and t* are quite a lot higher than the experimental data for 

solution-spinning and ultra-drawing of UHMWPE in which the solvent paraffin wax is 

removed before or during drawing.
19,20

 Again, the data seems to indicate that the low 

molecular weight PEwax contributes to the mechanical properties of drawn blends including 

their Young’s modulus and tensile strength.  

As described previously, the maximum attainable Young’s modulus and tensile strength of 

the UHMWPE blends is rather low in comparison with conventional routes for the 

production of chain extended UHWMPE based on solution-spinning or nascent UHMWPE 

powders. On the other hand, the maximum attainable Young’s modulus and tensile strength 

of the drawn UHMWPE blends are high in comparison to melt-spinning and drawing 

processes. Therefore, it is argued that an improved balance between melt processing, solid 

state drawing and mechanical properties is generated especially if economic factors are 

taken into account and if these chain-extended polyethylene are tuned for specific 

applications. As an example, it is often assumed that a very high tensile strength (t>3 GPa) 

is required in high end anti-ballistic applications of polyethylene fibers
16,59,60

 which would 

make the drawn UHMWPE blends produced less suitable for these kind of applications. 

Similar arguments probably also hold for applications where a low creep is a dominant 

feature.
61,62

 On the other hand, a range of other applications are potentially available where 

these properties are less relevant such as cut resistant gloves, fishing nets, containers and 

(comparatively low performance) life protection.
15,59

 

5.5 Conclusions 

A new route for the processing of chain-extended UHMWPE is explored, which possesses 

certain characteristics in common with both melt spinning and solution spinning. In the 

UHMWPE blends with a low molecular weight polyethylene (PEwax), the PEwax acts as a 

solvent for the UHMWPE which leads to an improvement in melt processability and in a 

maximum attainable draw ratio upon solid state drawing. The PEwax significantly enhances 

the mechanical properties of the drawn blends and an optimum exists in the blends with 60 

wt% of the PEwax at which the maximum Young’s modulus (Emax) of approximately 40 GPa 

and the highest strength (t,max) of approximately 1.5 GPa is obtained without removal of 

the solvent. It is therefore argued that the fracture mechanism of the drawn polyethylene 

blends is probably not attributed to the well-known chain slip-dominated mechanism.  
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Chapter 6 

Surface Micro-Patterning of Oriented Polyethylene Films 

using Interference Holography 

 

A new procedure is presented for generation of relief gratings on oriented and chain-

extended polyethylene (PE) films using interference holography with a nanosecond pulsed 

laser. An ultraviolet absorber, 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) is 

incorporated into PE prior to drawing to generate absorption at the wavelength of the laser. 

Illumination with an interference pattern in the absorption band of BZT leads to an obvious 

volume variation in the exposed regions and consequently the relief gratings are generated. 

The volume variation in the exposed regions are heavily dependent on the angle between 

the grating direction and the film orientation direction, which is probably attributed to a 

competition between thermal contraction, local melting/recrystallization of the oriented and 

chain-extended polyethylene and thermal evaporation of BZT. The former might cause a 

volume increase in the exposed regions while the latter results in a volume reduction. 

Moreover, the relief height increases with increasing BZT concentration and exhibits a 

linear dependence on the energy dose. These oriented and chain-extended PE films with the 

surface relief gratings are also evaluated as strain sensors in tensile deformation. Strains 

below 10% are accurately monitored in a transmission mode. 

 

 

 

 

 

 

 

 

 

This chapter is partially reproduced from: L. Shen, S. S. D. Lafleur, S. J. A. Houben, 

Jeffrey N. Murphy, J. Severn, C. W. M. Bastiaansen. Micro-Patterning of Oriented 

Polyethylene Films using Interference Holography (submitted). L. Shen and S. S. D. 

Lafleur contributed equally to this work. 
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6.1 Introduction 

The ability to micro-pattern polymeric materials with pre-designed surface structures is of 

great significance in a wide range of applications including sensors,
1,2

 tissue engineering
3–6

 

and biofouling.
7,8

 A large variety of micro-patterning strategies have been developed based 

on lithography,
9–11

 holography,
12,13

 and micro- and nano-printing techniques.
14–16

 Among 

these technologies, interference holography is a facile, inexpensive and maskless 

technology to generate periodic structures in a photoresist layer.
17,18

 Typically, a laser beam 

is split into two beams with an identical linear polarization and an interference pattern is 

created with a pitch that is determined by the angle between two interfering laser beams.
19

 

In the past, both negative and positive photoresist materials were employed extensively in 

interference holography to generate the microstructures in isotropic monomers and 

polymers and etching procedures were commonly employed to develop the surface relief 

structures.
18,20–22

  

It is still challenging to generate micro-patterns in or on the surface of oriented and chain-

extended polymers. In fact, the above-described routes for generating micro-patterns are 

hardly suitable for conventional oriented and chain-extended polyethylenes because 

recording is not possible or suitable etching procedures are not available. In the present 

study, a new and facile procedure is explored for the recording of micro-patterns on the 

surface of oriented and chain-extended polyethylene films. The approach to develop 

periodic patterns consists of exposing the film to an interference pattern using a pulsed laser 

with a wavelength of 355 nm. To induce the formation of periodic patterns, an appropriate 

amount of 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) is incorporated into 

polyethylene as a photo absorber prior to solid-state drawing. In this study, a wide range of 

well-controlled relief heights and grating pitches are obtained on the surface of oriented and 

chain-extended polyethylene films without using etching procedures. The underlying 

mechanism for the generation of the relief gratings is investigated and the feasibility of 

using the patterned, oriented and chain-extended polyethylene films as strain sensors is also 

discussed. 

6.2 Experimental 

6.2.1 Materials  

High density polyethylene was obtained from Borealis (Burghausen, Germany) with a 

number- and weight-average molecular weight of 37 and 134
 
kg/mol, respectively. 2-(2H-

benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) was purchased from BASF (Germany). 

Silicon oil was purchased from Thermo Fisher Scientific Inc. (The Netherlands). All 

reagents were used directly as received without further purification. ZAP-IT
®
 

photosensitive paper was obtained from Edmund Optics Inc. (USA).  
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6.2.2 Preparation of specimens  

Oriented and chain-extended polyethylene (PE) films containing 2 and 5 wt% BZT were 

produced according to the procedure described previously.
23

 2.0 and 5.0 wt% BZT were 

mixed with PE in a co-rotating twin screw extruder at 160 
o
C for 10 minutes. Subsequently, 

BZT-containing PE sheets with a thickness of 0.3 mm were produced by compression 

molding at 160 
o
C for 5 minutes, followed by cooling to room temperature between a 

water-cooled press. The compression-molded sheets were subsequently solid state drawn 10 

times at 80 
o
C in air using a Zwick Z100 tensile tester at a crosshead speed of 100 mm/min. 

Oriented and chain-extended films with a thickness of 100 μm were obtained. The draw 

ratio (λ) was determined from the displacement of ink marks which were put on the sheets 

prior to drawing at an interval of 2 mm.  

 

Figure 6.1 Schematic diagram of the experimental set-up used for interference holography. 

The angle between two laser beams is 2θ.  

Micro-patterning of oriented and chain-extended PE films using interference holography 

was performed using a pulsed Nd:Yag laser coupled to second and third harmonic modules 

emitting 4 ns pulses at a repetition rate of 10 Hz and a wavelength of 355 nm. Linear 

polarized light with a vertical polarization direction was used and a schematic diagram of 

the experimental setup is shown in Figure 6.1. In most cases (see later in the experimental), 

the film orientation direction is horizontal, which is perpendicular to the grating direction. 

Recording angle (2θ) between two interference beams was 5.2°, 2.0°, 1.2° and 0.8°, which 

corresponds to a grating pitch of 4 μm, 10 μm, 16 μm and 26 μm, respectively. An 

interference pattern that was generated with the pulsed laser has a diameter of 8 mm and it 

is rather inhomogeneous with respect to intensity, as shown in Figure 6.2. In this particular 

case, the photo-sensitive paper was exposed to an interference pattern with an energy dose 

of 120 mJ/cm
2
. Energy dose was measured using a Thorlabs PM100D power meter 

(Germany) and the measurement was performed at the film position as shown in Figure 6.1. 
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Figure 6.2 Photograph of ZAP-IT
®
 photosensitive paper after illumination with an 

interference pattern at an energy dose of 120 mJ/cm
2
.  

The influence of the angle (α) between the grating direction and the film orientation 

direction on the height of the relief gratings was investigated by rotating the film with 

respect to the grating direction in a range between 0° and 90°. In this case, the oriented PE 

film with 5 wt% BZT was exposed to an interference pattern with a grating period of 10 μm 

at an identical energy dose of 120 mJ/cm
2
. 

For reference purposes, a direct laser writing procedure was also performed using the same 

pulsed Nd:Yag laser, as shown in Figure 6.3. 

 

Figure 6.3 Schematic diagram of an experimental set-up used for direct laser writing. 

For direct laser writing, the oriented and chain-extended film was mounted on an x-y 

translation stage and the film orientation direction was always horizontal i.e. parallel to the 

x axis of the translation stage. The film was exposed to a single and focused beam with an 

energy dose of 120 mJ/cm
2
 per pulse and the film moved along the x axis at a constant 

speed of 1 mm/s. A straight line with a width of 0.6 mm was generated along the film 

orientation direction. Prior to exposure to an interference pattern or direct laser writing 

procedure, the films were always placed between glass slides and silicon oil was used to 

reduce the surface light scattering. After recording of the patterns, the oil on the film 

surface was removed by rinsing with isopropyl alcohol. 

6.2.3 Strain sensor  

An oriented and chain-extended polyethylene film with relief gratings with a pitch of 8.5 

μm was mounted between clamps in a Zwick Z100 tensile tester, as shown in Figure 6.4.  
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Figure 6.4 Schematic illustration of the experimental set-up for strain sensors, where d is 

the distance between the film and the screen.  

A 10 mW He-Ne laser with a wavelength of 632.8 nm and a beam diameter of 0.65 mm 

was used for generating a diffraction pattern. The laser was aligned with the propagation 

direction of light perpendicular to the film surface and the light polarization direction 

parallel to the film orientation direction. The diffraction pattern was projected on a screen 

with a millimeter grid and a film-to-screen distance (d) of 20 cm was used. Subsequently, 

strain was imposed on the films at 1% intervals between 0 and 10% along the film 

orientation direction. The change in the position of the first diffraction order was measured 

using the grid paper. 

6.2.4 Characterization 

Surface morphology of the oriented polyethylene films with a thin gold layer was analyzed 

prior to and after treatment using a JSM-IT100 scanning electron microscope (SEM) (Japan) 

operating in a high vacuum mode and at an accelerating voltage of 10 kV. Optical 

microscopy images were obtained using a Leica CTR 6000 microscope. Differential 

scanning calorimetry (DSC) was performed at a constant heating and cooling rate of 10 
o
C/min under nitrogen flow using a DSC Q1000 instrument. Thermogravimetric analyses 

(TGA) were performed in a TA Q500 instrument at a constant heating rate of 10 
o
C/min 

and at a constant air flow rate of 50 mL/min. An experimental set-up for small-angle light 

scattering (SALS) is shown in Figure 6.5.  



90 

 

 

Figure 6.5 Schematic representation of small-angle light scattering (SALS) in an Hv mode. 

A 15 mW He-Ne laser (λ=632.8 nm) was used as light source. The film was located 

between two crossed polarizers with the film orientation direction parallel to the analyzer 

(Hv). The films were placed between glass slides and silicon oil was also used to reduce 

surface light scattering. The film-to-screen distance was fixed at 15 cm. The height of the 

relief gratings was measured using a DektakXT surface profiler with a tip diameter of 2 μm 

and a force of 3 mg. At least five different positions were measured to estimate the average 

relief height on the film surface. Atom force microscopy (AFM) measurements were 

performed using a Solver P47H scanning probe microscope equipped with a SMENA-B 

detecting head (NT-MDT Ltd., Moscow, Russia) in a tapping mode and at a frequency of 

320 kHz. Aluminum coated NCHV-A tips (Bruker) with a tip length of 4 μm were used. 

Post-processing of the raw AFM data was performed using Gwyddion software and the 

average height of relief gratings on the film surface was obtained perpendicular to the 

grating direction. 

6.3 Results  

It was found that the BZT molecules in the oriented and chain-extended polyethylene (PE) 

film are non-dichroic and are not incorporated in the orthorhombic unit cell of 

polyethylene.
23

 In other words, the BZT molecules are mainly concentrated in the non-

crystalline regions and in the nano- and micro-voids between the micro-fibrils of the 

oriented and chain-extended PE.
23,24

 It was found that the poor transparency of the oriented 

and chain-extended pure PE films is dramatically improved after introducing the BZT 

molecules into PE prior to drawing.  

In the present study, the oriented and chain-extended PE films without and with 5 wt% 

BZT were first exposed to an interference pattern at an identical energy dose of 120 mJ/cm
2
. 

For the oriented PE film without BZT, only fibrillar structures are observed in Figure 6.6A, 

which form upon solid state drawing of the melt-crystallized PE. More importantly, there is 

no grating on the film surface. In sharp contrast, for the oriented PE film containing 5 wt% 
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BZT, periodic gratings with a pitch of Λ0=10 μm are successfully generated with the 

grating direction perpendicular to the film orientation direction (Figure 6.6B). The fibrillar 

structures in the non-exposed regions are again observed and this in contrast to the exposed 

regions which exhibit non-fibrillar structures.  

 

Figure 6.6 SEM images of oriented PE films without (A) and with (B) 5 wt%  BZT after 

illumination with an interference pattern at an energy dose of 120 mJ/cm
2
. The arrows 

indicate the film orientation direction and the scale bar is 25 μm.  

 

Figure 6.7 (A) AFM 3-D image of oriented and chain-extended PE film containing 5 wt% 

BZT after illumination with an interference pattern (Λ0=10 μm) at an energy dose of 120 

mJ/cm
2
 and (B) the relief height profile along the red dashed line in the image A.  

The 3-D AFM image in Figure 7A also indicates that the initial micro-fibrils completely 

disappear in the exposed regions. Rather surprisingly, the non-exposed regions are always 

higher than the exposed regions, which indicates that a volume reduction has taken place in 

the exposed regions. This phenomenon on the volume reduction in the exposed regions will 

be addressed more extensively later. The relief grating possesses a height of 0.6 μm, as 

shown in Figure 7B. 

The influence of energy dose on the height of the relief gratings on the surface of oriented 

PE film was also explored at an identical grating pitch (Λ0=10 μm). The results in Figure 

6.8 illustrate that a linear relationship exists between the relief height and the energy dose. 

The relief height linearly increases to approximately 1 μm as the energy dose increases to 

160 mJ/cm
2
 for the oriented PE film with 5 wt% BZT. At an higher energy dose than 160 

mJ/cm
2
, it was observed that the exposed region becomes slightly brown, which indicates 

the onset of degradation of oriented and chain-extended polyethylene.  
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A similar linear relationship between the relief height and the energy dose is observed for 

the oriented PE film with 2 wt% BZT (Figure 6.8). The slope of the dose-response curve is, 

however, reduced quite significantly. In Figure 6.8, a threshold energy dose is observed at 

~50 mJ/cm
2 

for oriented PE film containing 5 wt% BZT and the value of this threshold 

increases with decreasing BZT concentration. Below this threshold, relief gratings are not 

observed at all.  

 

 

 

 

 

 

 

Figure 6.8 The height of relief gratings (Λ0=10 μm) as a function of energy dose for 

oriented PE containing various BZT contents (measured by Dektak). The lines are used 

only for eye guidance. 

The pitch of relief gratings was varied by changing the angle between the interfering laser 

beams (see the experimental) and various pitches in a range between 4 μm and 26 μm are 

successfully obtained (Figure 6.9). 

 

Figure 6.9 SEM images of oriented PE films containing 5 wt% BZT after illumination with 

an interference pattern at an energy dose of 120 mJ/cm
2
 with various grating pitches. The 

arrows indicate the film orientation direction and the scale bar is 20 μm.  

The angle between the film orientation direction and the grating direction was also adjusted 

by rotating the film between 0° and 60° (see the experimental). As shown in Figure 6.10A-

F, relief gratings are successfully generated on the film surface at all angles. 
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Figure 6.10 (A-F) SEM images of oriented PE films containing 5 wt% BZT after 

illumination with an interference pattern (Λ0=10 μm) at an energy dose of 120 mJ/cm
2
 and 

at various angles (α) between the grating direction and the film orientation direction. 

Arrows indicate the film orientation direction. Scale bar: 10 μm. 

 

Figure 6.11 AFM images of oriented PE films containing 5 wt% BZT after illumination 

with an interference pattern (Λ0=10 μm) at an energy dose of 120 mJ/cm
2
 and at various 

angles (α) between the grating direction and the film orientation direction: (A) α=0° and (B) 

α=90°. (C) and (D) show the corresponding average height profile in the marked region of 

the image (A) and (B) (see the experimental). Arrows indicate the film orientation direction. 

AFM images in Figure 6.11 indicate that the relief height is highly dependent on the angle 

(α). Impressively, the exposed regions are always higher than the non-exposed regions at 

α=0° (Figure 6.11A) and this in sharp contrast to the relief gratings at α=90° (Figure 

6.11B). The relief height at α=0° and α=90° is respectively 0.24 μm and 0.56 μm based on 

the AFM height profile in Figure 6.11C and Figure 6.11D. 

In Figure 6.12, the average height of the relief gratings using both AFM and Dektak 

surface profiler (see the experimental) is plotted as a function of the angle (α) between the 



94 

 

grating direction and the film orientation direction. First, the results show an excellent 

agreement in the measurement of the average relief height between AFM and Dektak 

surface profiler. It is found that at an angle (α) between 30° and 90°, the exposed regions 

are always lower than the non-exposed regions. The average relief height by Dektak surface 

profiler decreases from 0.630.12 μm to 0.380.08 μm as the angle (α) changes from 90° to 

30°. Impressively, the exposed regions become higher than the non-exposed regions at α 

smaller than 30°. The relief height is -(0.270.07) μm at α=0°, -(0.250.09) μm at α=10° 

and -(0.240.10) μm at α=20°, respectively. The unique dependence of the relief height on 

the angle (α) will be discussed more extensively later. 

 

Figure 6.12 The height of the relief gratings as a function of the angle (α) between the 

grating direction and the film orientation direction on the surface of oriented PE films 

containing 5 wt% BZT after illumination with an interference pattern (Λ0=10 μm) at an 

energy dose of 120 mJ/cm
2
. Solid symbols: data from Dektak surface profiler; Empty 

symbols: data from AFM.  

The benzotriazole (BZT)-based UV absorber is well-known for its photochemical 

properties.
25–28

 By illumination with UV light in the absorption band at 355 nm, the non-

hydrogen-bonding [N] state of BZT absorbs photo energy. Subsequently, the transoid [N]* 

state is converted into the cisoid, hydrogen-bonding [H] state via isomerization. 

Alternatively, the [N]* state may proceed to the [N] ground state by transferring energy to 

the [H] ground state, which then dissipates the photoexcitation energy as heat by a proton 

transfer mechanism. The thermal energy results in a temperature increase in the exposed 

region.  

To demonstrate this hypothesis, the oriented PE film containing 5 wt% BZT was directly 

exposed to a single and focused laser beam at an energy dose of 120 mJ/cm
2
 per pulse. The 

film was mounted on an x-y stage (see the experimental). A line with a width of 0.6 mm 
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along the film orientation direction was generated using the direct laser writing procedure, 

as shown in Figure 6.13A and B.  

 

Figure 6.13 Microscopy images without (A) and with (B) crossed polarizers of the oriented 

polyethylene film containing 5 wt% BZT using direct laser writing at an energy dose of 120 

mJ/cm
2
 per pulse along the film orientation direction. The written region is indicated 

between two dashed lines. (C) The SALS pattern of the written region. The scale bar is 100 

μm. 

The microscopy image under crossed polarizers in Figure 6.13B indicates that isotropic 

crystalline structures might form in the written region. The result is verified using small 

angle light scattering (SALS) in the so-called Hv mode where a four-lobe cloverleaf pattern 

indicates the formation of spherulitic structures in the written region (Figure 6.13C). It is 

therefore concluded that the absorption of UV light results in a temperature increase in the 

written region which leads to local melting of oriented and chain-extended PE and 

subsequently recrystallization upon cooling at room temperature. In other words, the 

temperature in the written region at least rises higher than the melting point of oriented and 

chain-extended PE (Tm=140 
o
C) (Figure 6.14). It seems reasonable to assume that local 

melting also occurs during interference holography at an identical energy dose.  
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Figure 6.14 DSC curves of oriented PE with and without 5 wt% BZT. 

Generally, upon exposure to an interference pattern, the BZT induces an UV light intensity 

gradient in the cross-section of the oriented PE films. The relative light intensity of the UV 

light at the position z (μm) in the thickness direction is expressed by the equation based on 

the modified Lambert-Beer’s law: 

I(z)

Io

=10-μzc 

where μ is the absorption coefficient (for BZT, μ0.01 (wt%)
-1

μm
-1

), c is the BZT 

concentration (wt%), Io is the initial intensity of the incident laser and I(z) is the intensity at 

the position (z) in the film thickness direction.  

 

 

 

 

 

 

 

Figure 6.15 The relative light intensity of the UV light at the position z in the thickness 

direction of the oriented PE film containing 2 and 5 wt% BZT.  

In Figure 6.15, it is shown that the UV-light is almost completely absorbed in the top layer 

at the position of z=30 μm and z=70 μm in the thickness direction of the oriented PE film 

respectively containing 5 wt% and 2 wt% BZT. For the oriented PE film containing 5 wt% 

BZT upon exposure to an interference pattern with a high energy dose of 160 mJ/cm
2
, an 

average height of approximately 1 μm of the relief gratings was observed (Figure 6.8) 

which corresponds to ~3% of height decrease in the exposed region based on the depth of 
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the UV light in the film (z=30 μm) (Figure 6.15). Therefore, a volume decrease of less than 

3% is estimated in the exposed region. This volume decrease might be partially attributed to 

the thermal evaporation of BZT at a high temperature. In Figure 6.16, the onset of weight 

loss of BZT is observed at a temperature of 140 
o
C and 95% BZT evaporates at a 

temperature of 247 
o
C. 

 

 

 

 

 

 

 

Figure 6.16 TGA curves of pure BZT and pure polyethylene. 

 

Figure 6.17 Schematic illustration of the patterned, oriented and chain-extended 

polyethylene film as strain sensors.  

In the present study, an oriented and chain-extended polyethylene film with a relief grating 

(Λ1=8.5 μm) was used to measure strains in the film upon tensile deformation. In Figure 

6.17, a laser beam (λ=632.8 nm) with its propagation direction of light perpendicular to the 

film surface is used. In this case, multiple diffraction orders are generated (Figure 6.18), 

which indicated that thin gratings are obtained in the so-called  Raman-Nath regime.
29,30
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Figure 6.18 Multiple diffraction orders as a laser beam with its propagation direction of 

light perpendicular to the film surface with a relief grating (Λ1=8.5 μm).  

For simplification, only the zero (m0) and the first diffraction order (m1 or m11) are 

shown in Figure 6.17. Prior to deformation, the diffraction angle θm1
of the first diffraction 

order (m1) is mathematically expressed by the Frauhoffer equation,
29,30

 

Λ1 sin θm1
= λ                             (6.1) 

where Λ1 is the initial grating pitch (μm) and λ is the light wavelength of the laser beam 

(μm). The distance (a1) between the zero (m0) and the first (m1) diffraction order in Figure 

6.17 is given by,  

a1=d tan θm1
                               (6.2) 

Here, d is the distance between the film and the screen (μm). From equation 1 and 2, the 

initial position of the first diffraction order (m1) can be obtained. When a given strain (ε) 

in the film orientation direction is imposed (Figure 6.17), the initial grating period Λ1 

increases to Λ11 where Λ11 is equal to (1+ε)Λ1. The new diffraction angle θm11
of the first 

diffraction order (m11) after deformation is expressed by, 

Λ11 sin θm11
= Λ1(1+ε) sin θm11

=λ                        (6.3) 

Similarly, the distance (a11) between the m0 and the m11 diffraction order after deformation 

in Figure 6.17 is obtained by, 

a11=d tan θm11
                                                       (6.4) 

Based on the equations 1-4, the displacement (∆a=a1-a11) of the first diffraction order prior 

to and after deformation is predicted at a given strain (ε), 

∆a=a1-a
11

=d (tan θm1
- tan θm11

)                           (6.5) 
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Figure 6.19 The displacement (∆a=a1-a11) of the first diffraction order as a function of 

strain (ε) for the patterned oriented film with a grating pitch of Λ1=8.5 μm. The dashed line 

represents the theoretical calculation based on equations 6.1-6.5. 

An excellent agreement is observed between the experimental data and the theoretical 

prediction based on equations 6.1-6.5 (Figure 6.19). A displacement of 1.4 mm of the first 

diffraction order corresponds to a strain of 10%.  

6.4 Discussion 

In the present study, a procedure was reported for generation of relief gratings on oriented 

and chain-extended polyethylene films using interference holography. These relief gratings 

on the film surface are rather inhomogeneous with respect to height. This inhomogeneity, 

on one hand, is attributed to the inhomogeneous intensity distribution of the interference 

pattern which was generated with a pulsed laser (Figure 6.2). More importantly, it is 

demonstrated that the BZT used in this study is a linear photoresist, i.e. the height of relief 

gratings increases linearly with increasing energy dose (Figure 6.8), which consequently 

results in an inhomogeneity in the height of the relief gratings on the film surface. The 

inhomogeneity issue was circumvented by measuring the most intense regions in Figure 

6.2 and at least five regions were measured using the Dektak surface profiler to reflect the 

actual height of relief gratings. In the present study, it is shown that oriented and chain-

extended polyethylenes do not behave as a positive or negative photoresist at all. In fact, the 

relief gratings are probably generated based on a combination of thermal contraction and 

local melting/re-crystallization of oriented and chain-extended polyethylenes as well as 

thermal evaporation of BZT in the exposed region. Normally, thermal contraction and local 

melting/re-crystallization of oriented and chain-extended polyethylenes leads to a volume 

increase while thermal evaporation of BZT corresponds to a volume decrease. It is also 

well-established that oriented and chain-extended polyethylenes are characteristic with an 

obviously anisotropic thermal conductivity.
31,32

 The anisotropy (T||/T) of the oriented high 

density polyethylene at a λ=10 is around 30 at room temperature, where T || and T represent 

respectively the thermal conductivity parallel to and perpendicular to the drawing 

direction.
31

 In this view, when the angle (α) between the film orientation direction and the 
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grating direction changes from 90° to 30°, the chain thermal contraction in the exposed 

regions becomes more apparent even under tension between the non-exposed regions. As a 

consequence, the relief height decreases as the angle α changes from 90° to 30°. In these 

cases, the volume in the exposed regions decrease by the thermal evaporation of BZT is 

dominant, which consequently leads to a lower height in the exposed regions. Once the 

angle α is between 0° and 20°, the contribution of the chain thermal contraction in the 

exposed regions to the eventual volume increase becomes a dominating factor, this despite 

the BZT thermal evaporation-induced volume reduction. As a consequence, the exposed 

regions are always higher than the non-exposed regions.  

These oriented and chain-extended PE films with the relief gratings are explored as strain 

sensors in tensile deformation. The sensitivity can be further improved by decreasing the 

initial grating pitch (Λ1) and/or increasing the distance (d) between the film and the screen. 

Of course, this is to be expected in view of the equations 6.1-6.5. Furthermore, the oriented 

and chain-extended polyethylene with relief gratings could be further explored for potential 

applications such as anti-counterfeit and improvement in interfacial adhesion. 

6.5 Conclusions  

In this study, we report on the generation of relief gratings on the surface of oriented and 

chain-extended PE film using interference holography. The method is based on a BZT-

induced transition from photo energy to heat by illumination with an interference pattern at 

an absorption band of BZT. This process leads to thermal contraction, local melting/re-

crystallization of oriented and chain-extended PE and thermal evaporation of the BZT in 

the exposed region, which is accompanied by a volume change and the formation of relief 

gratings. The actual height of the relief gratings on the film surface is not only dependent 

on the initial BZT concentration in the film and the energy dose used, but also related to the 

angle between the film orientation direction and the grating direction. For applications, 

these oriented and chain-extended films with surface relief gratings are utilized to sense 

strains below 10% during tensile deformation.  
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